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Abstract 
Thermostability of proteins has been actively investigated by using 
different protein models in recent years. Decrease in ACp and enhanced 
charge-charge interactions were proposed to be the characteristics of extreme 
thermostability of proteins. In this study, Thermococcus celer L30e is the 
model to study extreme thermostability of protein. Thermococcus celer is a 
hyperthermophilic archaeon that grows optimally at 85°C. The melting 
temperature (Tm) of T. celer L30e is about 94°C. On the other hand, its 
mesophilic homologue, yeast L30e denatures irreversibly at about 45°C. 
Comparing their protein sequences and three-dimensional structures, T. celer 
L30e possesses extra surface charged residues. Therefore, we hypothesized 
that charge-charge interaction contributes to extreme thermostability of T. 
celer L30e. Thermodynamic studies on T. celer and yeast L30e were 
conducted. Mutagenesis of charge residues of T. celer L30e and their 
thermostability measurements were carried out. T. celer L30e was found to 
have lower ACp than yeast homolog and three charge clusters were identified 
to contribute significantly to the thermostability. Protein engineering on yeast 
IV 
and T. celer L30e, based on the findings of mutants, will be constructed. To 
summarize, we concluded that charge-charge interactions contribute to the 
thermostability of T. celer L30e and reduced ACp showed significant 
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1 Chapter One - Introduction 
The underlying basis for protein stability and activity at extremely 
high temperature is an intriguing matter in protein science but as yet 
unresolved. General rules governing protein thermostability has been actively 
investigated; however, there is still no single general rule for thermostability 
of thermophilic proteins. Rational design of thermostable proteins, 
particularly enzymes, may be possible by discovering these rules. The 
explosion of information from genome sequences and protein structures 
allows researchers to compare the sequences and structures of homologous 
proteins from mesophilic and thermophilic origins Sequence alignment of 
• 2. 3' 4' 5. 5 
homologous proteins may allow us to design more stable p r o t e i n s，，’ and 
to study the structural basis of protein thermostability. Data mined from 
genomes of thermophilic organisms, together with sequence and structural 
comparisons, have accelerated the research of protein thermostability. 
1 
1.1 How are thermophilic proteins stabilized? 
The stability of proteins is maintained by relatively weak interactions 
like hydrophobic interactions, hydrogen bonding and charge-charge 
interactions. It has been a long-term goal in protein engineering to understand 
the determinants of protein stability and to engineer proteins to become more 
stable. A mini-review of forces that has been suggested to be important in 
stability follows. 
1.1.1 Hydrophobic interactions 
The hydrophobic effect is generally considered to be the main driving 
force for protein folding ?， I t is also known to stabilize protein structure 
Hydrophobic residues usually interact with each other and are buried in the 
cores of proteins. Better packing of protein cores was identified as one of the 
factors contributing to protein stability in models like barnase {Bacillus 
10. II. 
amyloliquefaciem ribonuclease) and T4 lysozyme ’ ’ \ Some more recent 
examples of hydrophobic core studies are summarized below. 
Fersht and co-workers ‘� ; used GroEL mini-chaperone as their study 
model. They aligned 130 homologous proteins and residues that are not 
2 
conserved. Interestingly, they found that substituting a small hydrophobic 
residue in the core by a larger polar residue (Ala—Thr) can be stabilizing, 
despite the fact that small to large mutation are generally des t ab i l i z ing� 
Six stabilizing mutations (both core and surface residues) were combined and 
a mutant with increased stability of 291d/mol was obtained. This study 
showed that both mutations of core and surface residues can increase protein 
stability, by optimizing core packing and improving hydrogen bonding or 
structural rearrangements. 
Knapp et al studied superoxide dismutase (SOD) from a spectrum of 
bacteria living in discrete temperatures, Sulfolobus acidocaldarius (75°C), 
Thermus thermophilus (80�G), Aquifex pyrophilus ( 72�G) and Mycoplasma 
tuberculosis、！)TO)���丨8. Structure comparison among the 4 SODs suggested 
that significant reduction of water-accessible hydrophobic surfaces and 
increase in the percentage of buried hydrophobic residues can greatly 
destabilize the interactions between water and hydrophobic residues and 
explain the extreme thermostability ofS. acidocaldarius SOD (T^ �1 2 5 ° C ) i 7 . 
Vlassi et al worked on a four-a-helical bundle protein and mutated its 
hydrophobic core residues (L-^V/A)''^. Inspection of the crystal structures of 
the mutants revealed that the mutations lead to cavities and collapsing of core 
3 
with a drop of AG of 12 and 5 kJ/mol for A and V variants respectively. Other 
research groups also showed a correlation of aromatic-aromatic interactions 
20' 21 
and thermostability in a serine protease ‘ and better packed mutants of a 
22 • 
mesophilic nuclease with elevated Tm and AG . Better packing was also 
proposed to contribute to the extreme thermostability of glutamate 
dehydrogenases (P. furiosiis vs T. litoralisf^ 
However, Wallon et al created mutants with cavities in their hydrophobic 
core without a significant change in thermostability 24. Local flexibility of the 
side-chains can cause structural rearrangements in protein cores in a number 
r-v Q /-N ^  "")，. qO 
of hydrophobic core mutants ‘ … • From structural comparisons of 
mesophilic and thermophilic proteins, there was no significant difference in 
the hydrophobic cores Therefore, although hydrophobic interactions are 
crucial to protein stability, they are not the sole contributors to the difference 
in stability between thermophilic and mesophilic proteins. 
1.1.2 Hydrogen bonds 
There are many hydrogen bonds among backbone atoms and side-chain 
atoms in proteins. Backbone-to-backbone hydrogen bonds are the main forces 
that stabilize secondary structure in helices and sheets. For proteins that are 
4 
homologous, they should have similar backbone-to-backbone hydrogen bonds 
as they have similar secondary structural elements. Therefore, 
backbone-to-backbone hydrogen bonds should be negligible with respect to 
the extreme thermostability of thermophilic proteins. 
On the other hand, hydrogen bonds involve side-chain atoms were found 
to be significant to the thermostability of thermophilic proteins. The number 
of hydrogen bonds in ferredoxin from Thermotoga maritima increases 
significantly when compared with thermolabile ferredoxins^'. When 
comparing the crystal structure of holo D-glyceraldehyde-3-phosphate 
dehydrogenase from thermophile and mesophiles, there is strong correlation 
32 • 
between thermostability and the number of hydrogen bonds . Studies of 
mutants Ribonuclease Sa suggested that buried tyrosine hydrogen bonding 
makes a substantial contribution to protein stability 
Specific hydrogen bonding, helix capping, has long been well 
10. 11. 34 
characterized to be a factor in the stabilization of proteins ’ ‘ . The alpha 
helix has 3.6 residues per turn. The carbonyl group of Cn residues of helix will 
form hydrogen bond with the amide group of Cn+4 residues. Therefore, 
terminal four amide and carbonyl groups in N- and C- termini respectively are 
not involved in regular hydrogen bonding pattern of a helix. A helix with 
5 
capping residues can stabilize secondary structure and further stabilize the 
protein from unfolding. N-cap mutations in barnase were found to destabilize 
the protein by up to 10.4kJ/mol and negatively charged residues in the N-cap 
position can further stabilize the protein^^ Helix capping in the GCN4 leucine 
zipper protein showed that a single cap can stabilize terminal helix and protein 
structure 她. 
Structural comparison of 13 thermophilic and mesophilic proteins 
suggested that helices from thermophilic proteins are more stable owing to 
intrinsic helical propensities. Although the role of helix capping is well 
established, this study suggested that there is no general trend for thermophilic 
proteins to use helix capping]?. Statistical analysis on 18 pairs of 
non-redundant thermophilic and mesophilic proteins showed that their 
38 
hydrogen bonding patterns are similar . 
7.7.3 Electrostatic interactions 
Proteins from hyperthermophilic organisms adopt different strategies to 
be stable at high temperature through enhancement of hydrogen bonding like 
helix capping 39, optimization of hydrophobic interactions in the core 々 。，斗‘and 
reduction of conformational e n t r o p y，O n e of the strategies that has been 
6 
extensively investigated by both experimental and computational studies on 
hyperthermophilic proteins is to introduce electrostatic interactions while 
eliminating unfavourable interactions. 
Using protein engineering and structure comparisons approach, many 
studies investigating electrostatic interactions and thermostability were 
performed. Disruption of the electrostatic network of GAPDH from 
Thermotoga maritima leads to early thermal denaturation in unfolding 
experiments The structure of citrate synthetase from Pyrococcus furiosus 
suggested that the increase in inter-subunit ion pairs is correlated with its 
extreme thermostability when compared with its mesophilic counterpart 43. In 
glutamate dehydrogenase, engineering of 2 different charge networks found in 
Pyrococcus furiosus individually into the less thermostable Thermotoga 
maritima protein showed an increase in half-life but shorter inactivation time 
Engineering of intra-subunit salt bridges found in Thermoanaerobacter 
brockii alcohol dehydrogenase to Clostridium beijerinckii protein showed 
enhanced thermostability'^^. Detailed characterization of thermostability of the 
cold shock protein family showed that enhanced stability is accomplished 
through a single solvent exposed residue that optimizes electrostatic 
. 47; 48; 49; 50; 51 
interactions • 
7 
In some genome-wide sequence-structure analysis, genomes of 
thermophiles was found to encode a higher level of charged amino acids at the 
expense of uncharged polar residues The core composition of mesophilic 
and thermophilic proteins are similar while thermophilic proteins tend to be 
scarce in polar residues and rich in charged residues 54. Proteins from 
hyperthermophilic organisms are characterized by higher number of ion pairs 
with respect to their mesophilic counterparts ”，义. 
Calculations also suggested that salt bridges were found to be usually 
• • • • 57. 58 
stabilizing and their geometry is critical to determine its stability ‘ . 
Molecular dynamics simulation of DNA binding protein Sac7d from 
Sulfolobus acidocaldarius showed that charge clusters rather than individual 
salt bridges can provide more electrostatic contribution, as higher degree of 
cooperativity was suggested 
On the other hand, there were lines of evidence arguing against the 
contribution of ion pairs. Comparison of CheY proteins from Thermo toga 
maritima and their mesophilic homologues suggested that ion pairs are not the 
cause of their thermostability ^^ Engineering of charge cluster in less 
thermostable glutamate dehydrogenase can be destabilizing in terms of 
inactivation time 45. The majority of electrostatic contributions of proteins was 
8 
found to be destabilizing due to the desolvation penalty in fixing the side 
chains for interactions . However, molecular dynamics simulation suggests 
that the energy barrier to solvate salt bridge increases with temperature. It 
means that the desolvation penalty at higher temperature is less susceptible 
62 
than in room temperature . 
1.1.4 Reduction in ACp 
The shape of the stability curves of proteins describes the variation of 
the free energy change of unfolding of proteins under different temperatures. 
Protein stability curves were determined by three parameters: melting 
temperature (Tm), enthalpy change at melting temperature (AHm), and the heat 
capacity change (ACp) The three parameters can be obtained by thermal 
unfolding of proteins by circular dichroism (CD), or differential scanning 
calorimetry (DSC). Hyperthermophilic proteins were found to enhance their 
stability by flattening'^' ^^(Figure 1; Model One), or shifting their stability 
curves ^^(Figure 1 ； Model Two). The proteins can also be more stable than its 
mesophilic homolog in all temperature ranges 队说(Figure 1; Model Three). 
9 
— — • Mesophilic protein 
Model One / \ 
4 0 - Model Two / \ 
Model Three / \ 
c 30 - / \ 
[M 
205 246 287 328 369 
Temperature (K) 
Figure 1. Protein stability curves. 
Protein stability curves for mesophilic protein (blue) and different models 
to achieve higher melting temperature. 
10 
Recent analysis on the thermodynamic differences of homologous 
mesophilic and thermophilic proteins showed that the extreme thermostability 
of thermophilic proteins is largely obtained by up-shift and broadening of the 
protein stability curves ^ .^ The temperature range over which a protein is 
thermodynamically stable negatively correlates with ACp and thus protein size 
70; 71 Thermophilic proteins that have smaller ACp than their mesophilic 
, ^ , , ^ , . , , , 17; 18; 67; 68; 72; 73; 74; 75; 76; 77 
counterpart have been reported in several models , 
78 79. 80" 81 
with exceptions like histone protein , and cold-shock proteins ‘ ， . The 
correlation of increase in thermostability and decrease in ACp was supported 
by several observations from different models . Marqusee and co-workers 
reported that recombinant mesophilic RNase H chimera with a thermophilic 
folding core showed a lowered ACp than its parent mesophilic homolog. The 
lowered ACp of this thermophilic protein was proposed to be due to the 
residual structure in its denatured state ^^  84 They also suggested that residual 
structure is important to fine-tune the proteins' energetic 斗^ and the role of 
85 
denatured-state hydrophobic clusters to protein stability . On the other hand, 
Zhou suggested that the reduced ACp of thermophilic proteins could be partly 
• 8 2 . 
due to salt bridge networks using a theoretical spherical electrostatic model ’ 
11 
86. Therefore, the origin of the reduced ACp in thermophilic proteins is still 
controversial. 
1.2 Models of study: Thermococcus celer and yeast L30e 
1.2.1 Thermococcus celer ribosomalprotein L30e 
Thermococcus celer is a hyperthermophilic archaeon that lives 
87. 88 
optimally at 85°C. Its ribosomal protein L30e (previously known as L32 ‘ ) 
is located at the large subunit of the ribosome. L30e proteins possess a 
conserved RNA-binding motif across different genomes. T. celer L30e is a 
small (1 IkDa, 100 amino acids), monomeric, and disulphide bond-lacking 
protein. These features allow T. celer L30e to be an excellent model for 
studying the thermostability of proteins 的.Both crystal and solution structures 
of r. celer L30e (PDB ID 1H7M and IGOO/lGOl, respectively) are available. 
It has an a/(3/a sandwich fold structure. Both thermal and chemical 
unfolding of T. celer L30e are reversible. The melting temperature of T. 
celer L30e was 94°C and the free energy of unfolding at 25°C was 45kJ/mol 
90 
12 
1.2.2 Yeast ribosomal protein L30e 
Yeast grows optimally at 30°C and its ribosomal protein L30e is the 
mesophilic homologue of T. celer L30e. NMR structures (free and mRNA 
bound, PDB entries 1CK9 and 1CN9 respectively) of yeast L30e are available 
91;92. Recently, a MBP-tagged yeast L30e crystal structure was available (PDB 
accession number 1ANF)^^. Unlike thermophilic L30e, yeast L30e denatured 
irreversibly at 45°C and the free energy of unfolding at 25°C was 14kJ/mol 卯 
1.2.3 Comparison between the two proteins 
From the structure comparison between T. celer and yeast L30e, we 
o 
found that they are similar in terms of their fold with a r.m.s.d. of 2.OA (Figure 
2). Why do the two proteins differ so drastically in their thermostability? From 
the sequence alignment of L30e, there are extra and oppositely charged 
residues present in T. celer protein that form a charge cluster and balance the 
net charge of protein from yeast L30e +8 to +1 (Figure 3). Favourable 
charge-charge interactions may participate in stabilizing T. celer L30e. From 
the surface electrostatic potential of T. celer and yeast L30e (Figure 4), they 
look similar in charge distribution in 180° view. The charge distribution 
becomes more negative in T. celer L30e in 0 �v i e w (Figure 4) to balance the 
13 
cliamc ot lu»lc nu^lcculc u» • 1 I i vm ！he、m!、！ufci、！ / 11/t” 1 k-11 iLiiirc《1. 
ihcrc arc c\icnsi\c ch.iri^c cliisicr> on the surtaxc i*! / " • “ 1 、 … c i hcrctvnc. 
based i、n scqucfKc .iiiJ siructiir.il .i!ul”i、，clc^triisl.ilK inlcr.i、！“、n、卜c:\、c:L.n 
surface liaruc rcsulucs fTia\ he signiJu.inl to the c x i r c m c ！lK-nm、、!.i卜，ot I 
14 
I^Hi 
Figure 2. Ribbon diagram of T. celer and yeast L30e. 
The structures of the two proteins are nearly superimposable. The Ca r.m.s.d. of the 
• . o 
two protein is 2.0 A. 
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Figure 3. Sequence alignment of L30e from thermophile (labelled in red) and mesophile 
(labelled in blue). 
Extra- (black boxes) and reverse- (red boxes) charged residues can be observed in 
thermophilic species. 
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Figure 4. Surface electrostatic potential of yeast (a) and T. celer L30e (b). 
The surface colours red, write and blue represent negative, neutral and positive charge 
respectively. 
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Figure 5. Surface charge distribution of T. celer L30e. All surface charge residues are shown. 
Residues inside blue boxes are likely to form charge clusters. 
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In this study, we will perform experiments to test this hypothesis. First, 
pH and ionic strength will be altered and the change in Tm of T. celer L30e was 
observed to account for the electrostatic contributions to thermostability. 
Electrostatic interactions should participate in the thermostability of T. celer 
L30e if the protein stability lowers in pH and ionic strength conditions that 
disrupt the favourable charge-charge interactions. The protein stability curves 
of T. celer and yeast L30e will be studied in order to determine the 
thermodynamic parameters, AHm, and ACp. To elucidate which charged 
residues are responsible for the thermostability, we constructed alanine and/or . 
methionine mutants on all charged residues in T. celer L30e. Thermostability 
studies of the mutants at different ionic strength can give strong support to the 
electrostatic contribution of specific residue to the thermostability of T. celer 
L30e. The change in protein stability curves of the destabilized mutants were 
also studied. Based on the result of alanine mutants, yeast L30e will be 
engineered to study if the favourable charge-charge interactions in T. celer 
L30e can be applied to its mesophilic homolog. 
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2 Chapter Two - Materials and Methods 
2.1 General techniques 
2.1.1 Preparation and transformation of competent E. coli DH5a and 
BL21(DE3)pLysS 
Escherichia coli strain DH5a or BL21(DE3)pLysS was streaked from a 
frozen stock onto the surface of an LB agar (DH5a) or LB agar plate with 25 
|ig/ml chloramphenicol (BL21(DE3)pLysS) and incubated at 3 7 � C for 14 to 
16 hours. Single colony from the plate was incubated to 5 ml of LB medium 
and incubated at 37°C at 250 rpm until ODeoo reached 0.3 to 0.4 unit (about 3 
hours). The culture was added to 100 ml LB medium and continued shaking at 
37°C until OD600 reached 0.4 to 0.5 unit (about 2 hours). The culture was then 
chilled on ice for 5 minutes and then centrifuged at 6750g for 10 minutes at 
4°C. The bacterial pellet was resuspended in 40 ml RFl and then kept on ice 
for 5 minutes. The bacterial suspension was then centrifuged again at 6750 g 
for 10 minutes at 4°C. The bacterial pellet was then resuspended in 4 ml RF2 
and kept on ice for 15 minutes. The cells were then aliquoted into 1.5 ml 
microfuge tubes in 100 \i\ per tube and frozen in liquid nitrogen. The cells 
were then stored at -70°C until use. 
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An aliquot of 100 E. coli DHScir competent cell (Appendix I) was 
thawed on ice for 5 minutes and 0.5-1 |ul of plasmid (20 |ul for ligation reaction) 
was added into the cell with aseptic techniques. Then, the cell was treated with 
cold shock: On Ice for 30 minutes. After cold shock, the cell was treated with 
heat shock: 42°C for 2 minutes without shaking. Then, the cell was 
cold-shocked: On ice for 10 minutes. The cell was recovered by adding 400 |LX1 
of LB (Appendix D) to the cell and shaken at 37°C, 280 rpm for 45 minutes. 
The 100 [x\ (for ligation reaction, the cell was spin down and 400 \i\ of medium 
was removed and the remaining was resuspended to spread plate) of cell was 
spread on LB plate with respective selection(s) (Appendix D). The plate sat 
face up on the bench for about 10 minutes until the liquid was absorbed into 
the agar. The plate was placed face down into 37°C incubator for overnight, 
about 16 hours, incubation. 
2.1.2 Minipreparation of plasmid DNA (Invitrogen) 
Protocols and solutions were provided from manufacturer. 5 ml of 
overnight culture was harvested by centrifugation at 12000 X g and all 
medium was removed. The pellet was then resuspended by 250 \i\ Cell 
Resuspension Buffer (Gl). 250 |al of Cell Lysis Solution (G2) was added and 
43 
the content was mixed by inverting the capped tube five times but not 
vortexing. The tube was then incubated at room temperature for five minutes. 
350 fil of Neutralization Buffer (M3) was added and mixed immediately by 
inverting the tube by five times but not vortexing. The tube was centrifuged at 
12000 X g for 10 minutes. A spin cartridge was placed in a 2-ml wash tube and 
the supernatant after centrifugation was added to the spin cartridge. The 
loaded cartridge was then centrifuged at 12000 X g for one minute and the 
flow-through was discarded. The spin cartridge was placed back to the 2-ml 
wash tube and 700 jil of wash buffer (G4) (with ethanol) was added to the 
cartridge. The setup was centrifuged at 12000 X g for 1 minute and the 
flow-through was discarded. The setup was re-assembled and centrifuged 
again at 12000 X g for 1 minute to remove residual wash buffer. The spin 
cartridge was then placed in 1.5-ml recovery tube and 75 illI of pre-warmed, 
autoclaved nanopure water was added directly to the center of the spin 
cartridge. After incubation at room temperature for one minute, the setup was 
centrifuged at 12000 X g for one minute. The spin cartridge was removed and 
the plasmid solution was collected. 
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1.3 Objective of this study 
Thermophilic proteins use different strategies, and more than one in the 
same model to be thermostable. One obvious trend is that electrostatic 
interaction appears to be crucial in most thermophilic proteins is indicated by 
mutant studies, statistical analysis and computational studies. The reduced 
ACp should also be a significant trend and its origin is still unresolved. 
There are limitations to the previous studies. Proteins are not reversible 
in unfolding to quantify protein stability consistently. The comparison may 
only be based on the optimum growing temperature of the organisms, rather 
than melting temperatures (Tm). As T. celer L30e is reversible in both thermal 
and chemical unfolding, this effort may help to understand the electrostatic 
contribution in a quantified, systematic way and to verify existing electrostatic 
models and establish a model on our own. Therefore, how T. celer L30e is 
stabilized by enhanced charge-charge interactions will be investigated 
quantitatively. 
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2.1.3 Spe ctropho to me trie quantitation of DNA 
Spectrophotometer (Eppendorf) was used for quantitation of nucleic acid. 
1 OD unit at 260 nm corresponds to 50 |j.g/ml double-stranded DNA. 
2.1.4 Agarose gel electrophoresis 
Agarose was mixed with IX TAE buffer (for 1% gel, 0.5 g agarose in 50 
ml IX TAE buffer) and the mixture was heated in microwave oven for 3 
minutes. The agarose was cooled down to hand-hot and ethidium bromide 
(Appendix E) was added (5 fil ethidium bromide for 50 ml gel) and mixed 
gently. The gel was then poured into gel tank with comb and allowed to set for 
30 minutes. Then, the gel was put into TAE buffer and DNA samples 
(including DNA marker) were added into the wells and the gel was connected 
to electrical supply. After the dye front electrophoresed to middle of the gel, 
the gel was exposed to UV under gel documentation system and gel photo was 
obtained. 
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2.1.5 Purification of DMA from agarose gel (Invitrogen) 
Protocol and solutions were provided from the manufacturer. The area of 
gel with DNA fragment was cut out by sharp, clean blade and the amount of 
the agarose cut surrounding DNA fragment should be minimized. The gel was 
placed in 1.5-ml eppendorf and weighed by difference. For less than 2% gels, 
30 )Lil of Gel Solubilization Buffer (LI) should be added for every 10 mg of gel. 
For more than 2% gels, 60 |il of Gel Solubilization Buffer (LI) should be 
added for every 10 mg of gel. The gel and buffer was then incubated at 50°C 
for about 15 minutes. After the gel was completely dissolved, the solution was 
added to the spin cartridge with a 2-ml wash tube. The mixture was 
centrifuged at 12000 X g for 1 minute. The flow-through was discarded. The 
spin cartridge was placed back to the 2-ml wash tube and 700 of Wash 
Buffer (L2) (containing ethanol) was added to spin cartridge and it was 
incubated for five minutes at room temperature. The tube was then centrifuged 
at 12000 X g for 1 minute. The flow-through was then discarded and the tube 
was centrifuged again for one minute to remove residual wash buffer. The spin 
cartridge was then placed to 1.5-ml recovery tube. 50 |al of pre-warmed 
nanopure water was added to the centre of the spin cartridge. The tube was 
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incubated at room temperature for one minute and then centrifuged at 12000 X 
g for 2 minutes. 
2.1.6 Restriction digestion of DMA fragments 
A 20)aL reaction mix was routinely set up consisting of restriction 
enzymes (New England Biolabs. Inc.), suitable buffer provide from 
manufacturer, DNA to be cleaved, and autoclaved sterile nanopure H2O. 
Sometimes BSA might be needed for certain enzymes. The digestion usually 
would be completed in 3 hours at 37°C. Digested DNA was then analyzed by 
agarose gel electrophoresis. DNA fragment could be purified by kit as 
described in 2.1.5. 
2.1.7 Ligation of DNA fragments into vector 
A 20\iL reaction mix was routinely set up consisting of ligase (New 
England Biolabs. Inc.), ligase buffer provided by manufacturer, linearized 
vector, insert DNA fragment and sterile nanopure H2O. 
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Table 1. Standard recipe of ligation reaction 
Components Volume 
Autoclaved dUjO (17 X-Y) i^l 
lOx ligase buffer 2 |LI1 
Linearized vector X |ul 
DNA insert Y |LI1 
T4 DNA ligase (400U/^L) l^il 
Total 20 i^l 
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The molar ratio of vector and insert should be about 1:3 for efficient 
ligation. Ligation was carried out at 25°C for 25 minutes and standard 
transformation would be performed as described in 2.1.1. 
2.1.8 SDS-PAGE electrophoresis 
All sodium dodecylsulphate-polyacrylamide gels (SDS-PAGE) were run 
using the Mini-PROTEAN III electrophoresis cell (BioRad). One inner and 
one outer glass plates were cleaned with 70% ethanol by wiping with lint-free 
tissue paper and were assembled into the cell according to manufacturer's 
instructions. The resolving gel solution of different acrylamide concentration 
was prepared as follows: 
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Table 2. Recipe of separating gel for SDS-PAGE 
Components 12.5 % 15% 
(Volume) (Volume) 
H ^ 2.5 ml 1.9 ml 
4x resolving gel buffer (pH 8.8) 2.0 ml 2.0 ml 
30% acrylamide (29% 3.3 ml 4.0 ml 
acrylamide, 1% bis-acrylamide) 
10% ammonium persulfate 100 |ul 100 |LI1 
(APS) 
TEMED 4 4 |li1 
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About 3.6 ml of the running gel solution was transferred into the gap 
between the glass plates. 150 )lU of isopropanol was added to the top of the gel 
to keep the gel solution out of atmospheric oxygen and to remove bubbles on 
the solution surface. After the solution polymerized completely in about 15 
minutes, the isopropanol was poured off and the gel surface was washed with 
H2O. The gel surface was then dried by placing a piece of Whatman 3-mm 
filter paper near the gel surface. Stacking gel solution of 5% acrylamide was 
prepared as follows: 
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Table 3. Recipe of stacking gel for SDS-PAGE 
Components 5 % (Volume) 
H2O 2 ml 
4x stacking gel buffer (pH 8.8) 0.89 ml 
30% acrylamide (29% acrylamide, 0.6 ml 
1% bis-acrylamide) 
10% ammonium persulfate(APS) 50 |ul 
TEMED 4 iLil 
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Stacking gel solution was transferred to the top of the resolving gel until 
the solution reached the margin of the outer glass plate. A comb of 10 or 15 
well former was inserted into the gel between the glass plates. 
Appropriate volume of 2x SDS gel loading buffer was added to the 
sample to Ix of final concentration. The samples were denatured by boiling 
for 5 minutes or heated in a thermocycler at 95°C for 5 minutes. The samples 
were centrifuged at 15,000 g for 2 minutes to pellet debris. After the stacking 
gel was set, the comb was removed and the wells were washed with dH20. 
The gel cassette was then assembled into the electrophoresis cell. The upper 
(inner) chamber was filled with fresh SDS-electrophoresis buffer and the 
lower (outer) chamber with fresh or re-used SDS-electrophoresis buffer. 
Electrophoresis was performed at 35 mA per gel until the bromophenol blue 
dye reached the bottom of the running gel. The gel was then removed from the 
electrophoresis cell and stained with Coommassie Brilliant blue. 
2.1.9 Native-PAGE electrophoresis 
Native-PAGE can be used to show the conformational purity of 
protein samples. The procedure is similar to SDS-PAGE with the buffer in the 
gel and gel tank becoming native. The buffer chosen depends on the nature of 
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protein. pH of the buffer should be higher or lower than the pi of the protein, 
ensuring the mobility of the protein. The native separating gel should be made 
up of the recipe in Table 4: 
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Table 4. Recipe of native separating gel 
Components 12.5% 15% 
(Volume) (Volume) 
H2O 2.5 ml 1.9 ml 
200mM sodium acetate, pH 4.5 2.0 ml 2.0 ml 
30% acrylamide (29% 3.3 ml 4.0 ml 
acrylamide, 1% bis-acrylamide) 
10% ammonium persulfate (APS) 150 150 |ul 
TEMED 10 i^l 10 i^l 
Table 5. Recipe of 4X native dye 
Components  
40% (v/v) glycerol 
0.08% (w/v) methyl green 
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Native buffer (200mM sodium acetate, pH 4.5) should be added to 4X 
native dye to make 2X loading buffer at specific pH. Appropriate volume of 
2x loading buffer was added to the sample to Ix of final concentration. After 
the gel was set, the comb was removed and the wells were washed with d H � � . 
The gel cassette was then assembled into the electrophoresis cell. Both inner 
and outer chamber was filled with native buffer. Electrophoresis was 
performed at 35 mA per gel until the methyl green dye reached the bottom of 
the running gel. The gel was then removed from the electrophoresis cell and 
stained with Coommassie Brilliant blue. 
Under acidic condition, APS-TEMED system in acrylamide 
polymerisation works less effectively. Therefore, more APS and TEMED is 
added in the recipe. In T. celer and yeast L30e, pH 4.5 is chosen, as the 
proteins should be positively charged. 
2.2 Protein Engineering of Proteins 
2.2.1 Polymerase chain reaction (PGR) 
PCR can be used to introduce mutations and restriction sites to 
facilitate sub-cloning process. PCR reaction was prepared as shown 
below unless otherwise specified. 
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Table 6. Standard recipe of polymerase chain reaction. 
Components Volume 
Autoclaved dH^O (41 - X) i^l 
1 Ox reaction buffer (Promega) 5 |li1 
dNTPs (10 mM, 2.5 mM each of 1 |lx1 
dATP, dTTP, dGTP and dCTP) 
Forward primer (100pmole/|Lil) 1 |LX1 
Reverse primer (100pmole/|j.l) 1 ^ il 
Template DNA X |LI1 
Pfu DNA polymerase (4 U/^il) 1 |li1 
(Promega)  
Total 50 nl 
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Reaction profiles and primers used were different for different 
applications. PGR products were analyzed by agarose gel electrophoresis. 
2.2.2 Site-directed mutagenesis ofT. celer L30e 
In whole research project, all charged residues in T. celer L30e were 
mutated to have a systematic analysis on contributions of thermostability of 
charge residues. Mutants were all created by site-directed mutagenesis that 
was conducted by mutagenic primers, together with suitable universal primer, 
to create different mutations on T. celer L30e. Universal primers (forward and 
reverse) were the perfectly matched sequence (6 codons) flanking whole T. 
celer L30e cDNA. Full length of T. celer L30e can be amplified. All 
mutagenic primers were designed in similar strategy. 5 codons of matched 
nucleotides should flank the mutagenic codon in both 5 and 3 of the primers 
sequence. For example, K15A mutagenic primer should be designed like the 
following. 
T R P ORF 5 GCT CAG GAC ACC GGC |AAA| ATC GTG ATG GGT 
GCT 
K15A primer 5 GCT CAG GAC ACC GGC g H ATC GTG ATG GGT 
GCT 
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Mutants can be divided into two groups according to their sites of 
mutagenesis. For K15A/M, R21A, K22A K28A/M, K33A/M, E69A, R76A, 
and D87A, they were mutants that were located in the middle of the gene. For 
E6A, R8A/M, K9A/M, D12A K99A and ElOOA，they were mutants that were 
located near two ends of the gene. The two kinds of mutants had a different 
cloning strategy in the stage of protein engineering (Figure. 6). For the 
mutants located in the middle, mutagenic primers chosen from sense or 
antisense sequence depended on size of the amplicon after first round PCR. 
For instance, sense mutagenic primer should be chosen for K15A to obtain a 
PCR product ( �2 6 0 b p ) separable with unused primers (Figure 6A). Similarly, 
D87A should use anti-sense sequence to compose its mutagenic primer 
(Figure 6A). For mutants that were located near two ends of the gene, their 
PCR reactions were very similar to typical reactions apart from using 
mutagenic primers to generate mutations. For example, E6A can be created by 
simple PCR with mutagenic forward primer and universal reverse primer 
(Figure 6B). Based on the above, primers used to generate mutants were 
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Figure 6. Two strategies of mutagenesis. When the site of mutation is not 
close to the ends of the cDNA, strategy shown in A was used. Mutagenic 
primer and corresponding universal primer will first amplify a short 
fragment of the cDNA with mutation and the short double stranded 
fragment will become a megaprimer to amplify with alternate universal 
primer to give full length mutagenic DNA. When the site of mutation is 
near to the ends of cDNA, mutagenic primer can be designed to act as one 
of the universal primer to amplify a mutated full-length cDNA in single 
peR. 
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All primers listed in section 2.9 later were order from Invitrogen with 
desalted purity. All primers were diluted to 100pmole/|LiL with nanopure water 
unless otherwise specified. Reactions were carried out using the following 
thermo-cycle profile. 
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Table 7. Polymerase chain reaction thermocycle profile. 
Cycle Denaturation Annealing Extension 
ist cycle 94�C, 5 55�C, 1 TTC, 1.5 
minutes minute minutes 
35th cycle 94�C, 1 55�C, 1 TTC, 1.5 
minute minute minutes 
36th cycle 94�C, 1 55�C, 1 72�C, 10 
minute minute minutes 
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Protein engineering of yeast L30e 
Seven protein variants were conducted based on the thermostability 
studies of T. celer L30e. 
1. Yeast L30e Cluster 1 
Forward primer constructing cluster 1 and reverse primer constructing 
cluster 1 in Appendix were used to amplify using yeast L30e as template. PGR 
product was sub-cloned in pET8c as in section 2.1. 
2. Yeast L30e Cluster 2 
Forward primer constructing cluster 2 and universal reverse primer 
were used to amplify to generate yeast L30e 3 DNA fragment using yeast 
L30e template. Reverse primer constructing cluster 2 and universal forward 
primer were used to generate yeast L30e 5 DNA fragment using yeast L30e 
template. 5 and 3 fragment were used as mega-primers to produce 
full-length yeast L30e cluster 2 construct. DNA fragment was then sub-cloned 
into pET8c as in section 2.1. 
42 
3. Yeast L30e Cluster land Cluster 2 
The procedure for cluster 1 was repeated using yeast L30e cluster 2 as 
template to give PGR product. The DNA fragment was sub-cloned into 
pET8c. 
4. Yeast L30e with charge environment of T. celer L30e 
Forward primer for constructing all surface charge of T. celer L30e 
from yeast L30e and universal reverse primer were used to amplify 3 DNA 
fragment using template with mutations of cluster 1 and 2. Reverse primer for 
constructing all surface charge of T. celer L30e from yeast L30e and universal 
forward primer were used to amplify 5 DNA fragment using template with 
mutations of cluster 1 and 2. 5 and 3 fragment were used as mega-primers to 
give full-length construct. DNA fragment was then sub-cloned into pET8c as 
in section 2.1. 
5. Yeast L30e with charge environment of T. celer L30e and lengthened C 
terminus 
Yeast L30e for lengthen C terminus reverse primer and universal 
forward primer were used to amplify using the template of yeast L30e with 
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charge environment of T. celer L30e. DNA fragment was then sub-cloned into 
pET8c. 
6. Yeast L30e with charge environment of T. celer L30e and shortened N 
terminus 
Yeast L30e for shorten N terminus forward primer and universal 
reverse primer were used to amplify using the template of yeast L30e with 
charge environment of 7. celer L30e. DNA fragment was then sub-cloned into 
pET8c. 
7. Yeast L30e with charge environment of T. celer L30e, shortened N 
terminus and lengthened C terminus 
Yeast L30e for shorten N terminus forward primer and yeast L30e for 
lengthen C terminus reverse primer were used to amplify using the template of 
yeast L30e with charge environment of T. celer L30e. DNA fragment was 
then sub-cloned into pET8c. 
All constructs were confirmed by DNA sequencing before expression. 
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2.3 Sub-cloning of mutation PCR fragment into expression vector, 
pET8c 
The PCR fragments of mutants were digested with Nco\ and BamHl 
together with vector, pET8c. The digested product was loaded to agarose gel 
for separation and purified by the steps mentioned in 2.1.5. Purified product 
was ligated as mentioned in 2.1.7. Ligation product would be transformed into 
DH5a and transformation mixture was plated on agar plate for overnight 
incubation. Colonies would be chosen for PCR screening for insert using 
universal primer specific to vector. Colonies with insert would be inoculated 
and plasmid would be prepared as described in 2.1.2. Plasmid would then be 
subjected to DNA sequencing for confirmation. 
2.4 Expression of recombinant proteins 
Vector was transformed E. coli strain BL21 (DE3) pLysS under standard 
protocol (2.1.1). After incubation for 1 day, 6 single colonies of transformed 
bacteria were picked to 15 ml of M9ZB (with 4% glucose) with lOOfig/L 
culture ofampicillin and 50|ig/L culture of chloramphenicol. The culture was 
incubated at 37°C for ~3hr in 280 rpm. lOmL of culture was inoculated to IL 
of M9ZB (with 4% glucose) with lOOfig/L culture of ampicillin and 50|ig/L 
culture of chloramphenicol. The container for the cultures should have volume 
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3 times of the medium. The culture was incubated at 37°C in 280 rpm until 
OD600 二 1.0 (~5 hours). 2 ml culture (before induction) was taken out, pelleted, 
and stored at -20°C (1 ml for SDS-PAGE analysis before induction, 1 ml for 
mini-preparation ofplasmid if necessary). 0.2 mM of lPTG was added (0.5mL 
of 0.4M IPTG stock for 1 L culture). 100|LLg/L culture of ampicillin and 
50|j-g/L culture of chloramphenicol was also added to keep the plasmid. The 
culture was incubated overnight at 37°C in 280 rpm. 2 ml of induced culture 
was taken out as above (after induction). The culture was pelleted at 4°G, 8000 
g for 8 minutes. 
2.5 Purification of T. celer and its mutants 
2.5.1 Extraction of proteins by sonication 
The medium after induction was centrifuged at 8000 g for 8 minutes to 
pellet the cell. Medium was removed and cell pellet was stored at —80°C or 
used immediately for sonication. 
Cell pellet was resuspended in � 3 0 ml of sonication buffer (buffer A): 
20mM NaOAc pH 5.4. 0.75mM PMSF (Sigma) was added and cell was 
sonicated for six minutes, pausing in every two minutes at 80% output, pulse 
for 4 sec, on ice using normal probe (Sonic & Materials, Vibra Cell). After 
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sonication, 150|LIL of P-mercaptoethanol was added 2 x 100 jul aliquots of 
lysate were collected for SDS-PAGE analysis. The lysate was centrifuged at 
15000 g at 4°C for 40 minutes. The supernatant was saved without disturbing 
the pellet and placed on ice. 
2.5.2 Purification by ion-exchange chromatography 
Supernatant was filtered with 0.2 |Lim filter (Schleicher & Schuell). 
Before loading the sample, 5mL Hi-Trap SP Sepharose column (Amersham 
Pharmacia Biotech) was connected to AKTA prime machine (Amersham 
Pharmacia Biotech) and washed with buffer A in IM NaCl to wash out 
bounded molecules. The column was equilibrated with 5 bed-volumes of 
buffer A. Sample was loaded pre-equilibrated column at 6ml/min. lOjiL of 
input was saved for SDS-PAGE analysis. The column was washed with buffer 
A until absorbance became steady and the flow-through was collected for 
SDS-PAGE analysis. The proteins were eluted using a linear NaCl gradient of 
0-0.7M NaGl in buffer A. All mutants and wildtype of T. celer L30e eluted in 
this range. 10|LLL of fractions were saved for SDS-PAGE analysis. The column 
was then washed with 5 bed-volumes o f lM NaCl in buffer A to remove 
bounded molecules and cleaned by 1 bed-volume of IM NaOH. The column 
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was preserved in 20% ethanol until the conductivity became steady. The 
column was detached from AKTA machine and stored at 4°C. 
2.5.3 Purification by affinity chromatography 
5mL Hi-Trap Heparin HP column (Amersham Pharmacia Biotech) was 
connected to AKTA prime machine. Fractions from SP column with T. celer 
L30e (size of �l l k D a ) were pooled (from SDS-PAGE analysis or 
chromatogram) and loaded to the column pre-washed by IM NaCl in buffer A 
and pre-equilibrated by 0.2M NaCl in buffer A. 10|iL of input was saved for 
SDS-PAGE analysis. The column was washed with buffer A until absorbance 
became steady and the flow-through was collected for SDS-PAGE analysis. 
The proteins were eluted using a linear NaCl gradient of 0.2-0.7M NaCl in 
buffer A. _ L of fractions was saved for SDS-PAGE analysis. The column 
was washed with 5 bed-volumes of IM NaCl in buffer A to remove bounded 
molecules and preserved in 20% ethanol for fridge storage at 4°C. Fractions 
with T. celer L30e was pooled and concentrated by Centriprep (Millipore) at 
4 � C in 3000 g. 
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2.5.4 Purification by size exclusion chromatography 
Sample was concentrated to 5-lOmL for loading to Superdex G-75 
HiLoad 26/60 (Amersham Pharmacia Biotech). The column was 
pre-equilibrated with 0.2M Na2S04 for 1 bed-volume ( �3 0 0 m L ) until the 
conductivity became steady. Sample was loaded to column in flow rate of 
2.5mL/min. \0[iL of input was saved for SDS-PAGE analysis. Purified T. 
celer L30e wildtype and mutants were eluted typically at �2 0 0 m L . The 
column was preserved by 20% ethanol until conductivity became steady. The 
fractions were analyzed by SDS-PAGE and fractions with T. celer L30e were 
pooled and concentrated to OD280 to more than 1.5 using centriprep (Millipore) 
for storage. 
2.6 Purification of yeast L30e and its mutants 
2.6.1 Extraction of proteins by sonication 
Procedures are the same as in 2.5.1. 
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2.6.2 Purification yeast LSOe variants by washing the inclusion bodies 
As all yeast L30e variant are in the inclusion bodies after expression, the 
purification starts from washing inclusion bodies. Pellet was resuspended in 
20 ml of detergent buffer (0.2 M sodium chloride, 1% deoxycholic acid, 1% 
NP-40). The mixture was sonicated with normal probe, 80% output, pulsed at 
four seconds for two minutes on ice The mixture was then centrifuged at 
10000 g, 4 � C for five minutes. Supernatant was saved for SDS-PAGE analysis, 
and the pellet was resuspended in 20ml Triton/EDTA buffer (1% Triton 
X-100, 1 mM EDTA). The mixture was sonicated with normal probe as before. 
The mixture was centrifuged at 10000 g, 4 � C for five minutes. The 
supernatant was saved for SDS-PAGE and the inclusion bodies were washed 
with Triton/EDTA buffer twice. The washed inclusion bodies were dissolved 
by 4 ml of 4 M guanidine hydrochloride in lOmM sodium phosphate buffer, 
pH 7.4. Dissolved pellet was sonicated with normal probe, 80% output, 
pulsed at four seconds for 15 seconds on ice for cumulatively 2 minutes. The 
dissolved pellet was loaded to a C column and rapid diluted into large amount 
(e.g. 200ml) of non-denaturing buffer, 20mM sodium acetate, 200mM sodium 
chloride pH 5.4, with constant stirring with magnetic stirrer bar. The volume 
of non-denaturing buffer used depends on the amount of protein resuspended. 
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The renatured protein sample was centrifuged at 10000 g at 4°C for five 
minutes. 
2.6.3 Purification by column chromatography 
The supernatant was loaded to Hi-Trap Heparin HP column, pre-washed 
with IM sodium chloride of buffer A and equilibrated with 20mM sodium 
acetate 200mM sodium chloride pH 5.4. 10|iL of input was saved for 
SDS-PAGE analysis. The column was washed with buffer A until absorbance 
became steady and the flow-through was collected for SDS-PAGE analysis. 
The proteins were eluted using a linear NaCl gradient of 0.2-0.7M NaCl in 
buffer A. 10|LIL of fractions was saved for SDS-PAGE analysis. The column 
was washed with 5 bed-volumes of IM NaCl in buffer A to remove bounded 
molecules and preserved in 20% ethanol for fridge storage at 4°C. Fractions 
with yeast L30e was pooled and concentrated by Centriprep (Millipore) at 4°C 
in 3000 g. 
Yeast L30e variant was concentrated to 5-lOmL for loading to 
Superdex G-75 HiLoad 26/60 (Amersham Pharmacia Biotech). The column 
was pre-equilibrated with 0.2M Na2S04 for 1 bed-volume ( �3 0 0 m L ) until the 
conductivity became steady. Sample was loaded to column in flow rate of 
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2.5mL/min. lOjaL of input was saved for SDS-PAGE analysis. Purified yeast 
L30e variant was eluted typically at �2 0 0 m L . The column was preserved by 
20% ethanol until conductivity became steady. The fractions were analyzed 
by SDS-PAGE and fractions with yeast L30e were pooled and concentrated to 
OD28oto more than 1.5 using centriprep (Millipore) for storage. 
2.7 Thermodynamic studies of proteins 
2.7.1 Guanidine-induced denatiiration 
Guanidine hydrochloride (GdnHCl) was used as denaturation to study 
free energy of unfolding. 8M GdnHCl in lOmM sodium phosphate buffer 
(PB), pH 7.4 and lOmM sodium phosphate buffer (PB), pH 7.4 were prepared 
as stock to give a range of GdnHCl concentration. The concentration of 8M 
GdnHCl solution was determined using refractive index measurements (Leica 
AR200 refractometer) 94. Protein samples (�20) iM) were equilibrated with 
0-7.2M of GdnHCl in lOmM sodium phosphate buffer at pH 7.4 for 30 
minutes at 25�C before experiment. The mean (3 times) molar ellipticity at 
222nm was measured at 25�C by 1 mm path length cuvette using JASCO J810 
spectropolarimeter equipped with a Peltier-type temperature control unit. For 
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OM and 7.2M GdnHCl, full spectra (260nm to 190nm) were measured to 
observe the denaturation. For the GdnHCl concentrations in between, 225nm 
to 215nm were measured. Molar ellipticity at 222nm from OM to 7.2M were 
extracted and the data were fitted by nonlinear regression to a two-state model 
using yobs = {(yn + mn [D]) + (y, + m" [D]) e . 丁 } / ( 1 +。⑶組 )，w h e r e 
Yobs is the observed mean molar ellipticity at 222 nm; yn and rrin are the 
y-intercept and slope of the linear baseline before the transition; y" and rtiu are 
the y-intercept and slope of the linear baseline after the transition; R is the gas 
constant; T is the temperature in Kelvin;[D] is the concentration of GdnHCl; 
G(D) is the free energy of unfolding at [D]. 
2.7.2 Thermal-induced denaturation 
Thermal denaturation was followed by mean residue ellipticity at 222 
nm using a JASCO J810 spectropolarimeter equipped with a peltier type 
temperature control unit. All protein samples were dialyzed in 10 mM sodium 
phosphate buffer, pH 7.4, and were thoroughly degassed before CD 
measurements. The samples were heated in a 1-mm path length cuvette from 
25°C to 110°C at a heating rate of 1 K/min. The cuvette was securely 
stoppered to ensure there was no loss in volume of protein solution due to 
evaporation. The thermal denaturation data were analysed by a two-state 
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model: K(t) = (yobs - (yn + 叫 T)} / { (yu + m^ T) - yobs }, where K(t) is the 
equilibrium constant of unfolding at temperature T. K(丁）values within the 
transition zone were used to obtain AG values by AG = -RT In K(T). The 
melting temperature, Tm, was determined as the temperature at which AG = 0. 
The van't Hoff enthalpy, AH^, was derived from the slope of the plot I n K ( T ) vs 
1/T. Average values and standard deviations of Tm and AHm over six 
independent experiments were reported. 
To measure the salt dependency of 丁丨们，the sample was dialyzed in 10 
mM sodium phosphate buffer, pH 7.4 with 0.025, 0.05, 0.075, 0.1, 0.2, 0.3, 0.4, 
0.5 M NaCl. Tm measurements were repeated twice for both wild type T. celer 
L30e and the K9A variant under different concentrations of sodium chloride. 
2.7.5 Determination of protein stability curves by denaturant unfolding 
Protein samples were equilibrated as described before. Mean residue 
ellipticity of the sample was measured in different temperatures in same 
denaturant concentration until the CD signal became constant. Ten readings 
measured in same sample under constant temperature were averaged to give 
the mean residue ellipticity. Free energy change of unfolding of samples under 
different temperatures was determined as described before. 
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2.7.4 ACp and protein stability curve determination by thermal 
unfolding 
Thermal unfolding experiments of T. celer L30e were conducted under 
different pH to obtain a wide range of Tm. AS can be obtained from the slope 
of the plot AG against T: 
AG = AH - T A S ( l ) 
For each thermal unfolding, AH,^ can be calculated by van' t Hoff plot when 
T二TmAG 二 0; 
AHm (2 ) 
ACp can be obtained from the slope by fitting AHm against Tm: 
d(AH)/d(T) = Cp(Unfolded) — Cp(Folded) 二 ACp (3) 
By fitting AHm, ACp and T^ into Gibbs-Helmholtz equation: 
AG(T) = AH,,(I - T/Tm) - ACp[(T,, - T) + Tln(T/Tm)] (4) 
AG as a function of T can be obtained. 
/ 
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2.8 Media and buffer recipes 
2.8.1 Medium for bacterial culture 
LB (Luria-Bertani) medium 
20 g/L Luria Broth (USB) 
20 g Agar (USB) if necessary 
Add up to IL H2O; autoclave 
For LBA plate (LB plate with ampicillin), 1 : 1000 = Ampicillin (working): 
Medium 
M9ZB medium 
l g / L N H 4 a 
g/L KH2P04 
6 g/L Na2HP04 
5 g/L NaCl 
g/L bacto-trypton 
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Water was added to 980 ml, autoclave for 15 minutes. After cooling to less 
than 5 0 � C , 20 ml of sterile 20% glucose and 1 ml of sterile 1 M MgS04 were 
added. 
Agar media 
Liquid media were prepared according to the recipes given above. 15 g of 
bacto-agar was added to 1 liter liquid medium and autoclaved. 
40% glucose (dextran) 
400 g/L glucose was dissolved in hot CIH2O gradually with continuous stirring. 
The solution was sterilized by autoclaving. 
Ampicillin 
Ampicillin sodium salt (USB) in 100 mg/ml in nanopure water; filter sterile by 
disposable filter unit (Red rim) (Schleicher & Schuell); store at —20°C. 
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Chloramphenicol 
Ampicillin sodium salt (USB) in 100 mg/ml in ethanol; store at -20°C. 
2.8.2 Reagents for competent cell preparation 
R F l : 30 mM KAc, 100 mM RbCb, 10 mM CaCb, 50 mM MnCb, 15% 
glycerol. pH was adjusted to 5.8 by HAc. Do not back titrate. Sterilized by 
filtration through 0.2 filter. 
R r 2 : 10 mM MOPS, 75 mM CaCI2, 10 mM RbC12, 15% glycerol. pH was 
adjusted to 6.5 with KOH. Sterilized by filtration through 0.2 jam filter. 
2.8.3 Nucleic acid electrophoresis buffers 
TAE (Tris-acetate-EDTA), 50x stock solution 
242 g/L Tris base 
57.1 ml/L glacial acetic acid 
37.2 g/L Na2EDTA.2H20 
stored at room temperature 
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6x agarose gel loading buffer 
25% (w/v) bromophenol blue 
40% (w/v) sucrose 
60 mM EDTA (pH 8.0) 
Stored at 4°C. 
Ethidium Bromide (10 mg/ml) 
Add 1 g of ethidium bromide to 100 ml dHsO and stir for several hours; wrap 
the container in aluminum foil and store at room temperature 
2.8.4 Buffers for T. celer L30e variants purification 
1. 20mM sodium acetate pH 5.4 (Buffer A) 
2. 20mM sodium acetate pH 5.4 1M sodium chloride (Buffer B) 
3. 20mM sodium acetate pH 5.4 0.2M sodium sulphate (Gel filtration buffer) 
2.8.5 Buffers for yeast L30e variants purification 
1. 0.2 M sodium chloride, 1% Deoxycholic Acid and 1 % NP-40 (Detergent 
buffer) 
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2. 1% Triton X-100 and ImM EDTA (Triton X-IOO/EDTA Buffer) 
3. 8M Guanidine-HCl in lOmM sodium phosphate pH 7.4 (unfolding buffer) 
4. 20mM sodium acetate pH 5.4 0.3M sodium chloride (refolding buffer) 
5. 20mM sodium acetate pH 5.4 IM sodium chloride (Buffer B) 
6. 20mM sodium acetate pH 5.4 0.2M sodium sulphate (Gel filtration buffer) 
2.8.6 Reagents ofSDS-PA GE 
SDS-Ioading Buffer (2X) 
100 mmol/L Tris HCl, pH 6.8 
200 mmol/L DTT 
4% SDS 
2% bromophenol blue 
20% glycerol, store at -20°C 
4X Separating gel buffer, pH 8.8 
Tris Base 36.4 g 
10% SDS 8ml 
dHsO up to 200 ml, at pH 8.8, NOT back titrate 
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4X Stacking gel buffer, pH 6.8  
Tris Base 12 g 
1 0 % S D S 8 m l 
dHsO up to 200 ml, at pH 6.8, NOT back titrate 
10% APS 
Ammonium persulphate (SIGMA) 10% (w/v) in d H : � 
IPX SDS Running Buffer (1 Liter) 
Tris Base 30.2g 
Glycine 188g 
10% (w/v) SDS 100ml 
dH20 Add up to 1 litre 
Staining solution 
25% (v/v) ethanol 
12.5% glacial acetic acid 




12.5% glacial acetic acid 
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3 Chapter Three - Purification of T. celer and yeast 
L30e 
3.1 Purification of T. celer L30e and its mutants 
The purification procedures for T. celer L30e and its mutants are very 
similar except there are slight changes in elution ionic strength in ion 
exchange and affinity column owing to the removal of charge residues. 
Proteins were expressed as described in section 2.4, and the cell pellet was 
sonicated as section 2.5. SDS-PAGE was performed to confirm the presence 
of the over-expression (Figure 7). 
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Figure 7. Successful expression of T. celer L30e. 
M: Low molecular weight marker; T: T. celer L30e marker; B: Before 
induction cell lysate; A: After induction cell lysate. The SDS-PAGE 
suggests a protein of size similar to T. celer L30e was expressed. 
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After centrifugation of the lysate, supernatant was loaded to Hi-TrapTM 
SP column equilibrated with buffer A (20mM sodium acetate, pH 5.4). The 
protein was eluted according to the protocol in section 2.5.2. SDS-PAGE was 
performed to analyze the purification (Figure 8). From the chromatogram and 
SDS-PAGE, the protein was partially purified. The purified protein fractions 
were pooled and loaded to Hi-TrapTM Heparin column. From the 
chromatogram and SDS-PAGE (Figure 9), the protein was further purified 
and fractions with purified protein were concentrated and loaded to Superdex 
G-75 as described in section 2.5.4. From the chromatogram and SDS-PAGE 
(Figure 10), the protein sample was essentially impurity-free and was 
concentrated to 5-10 mg/ml for storage at -20°C. 
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Figure 8. Chromatogram and SDS-PAGE of H i - T r a p T M SP column of T. 
celer LSOe. 
(A) Chromatogram of salt elution of cell lysate with Hi-Trap™ SP column. 
A large peak at 0.3 M sodium chloride was found. (B) M: low molecular 
weight marker; T: T. celer LSOe marker; I: Input; FT: Flow through. 
SDS-PAGE in B suggests that the peak found in A contained a major 
component with molecular weight similar to T. celer LSOe. The fractions 
with large amount of proteins with size of T. celer LSOe were pooled and 
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Figure 9. Chromatogram and SDS-PAGE o f H i - T r a p ™ Heparin column of 
T. celer L30e. 
(A) Chromatogram of salt elution of fraction collected from H i - T r a p ™ 
Heparin column. A sharp peak at 0.4 M sodium chloride was found. (B) M: 
low molecular weight marker; T: T. celer L30e marker; I: Input; FT: Flow 
through. SDS-PAGE in B suggests that the peak found in A contained a 
major component with molecular weight similar to T. celer L30e and the 
protein was purified by the column. Fractions with large of amount of 
protein weighed similar to T. celer L30e was pooled and concentrated by 
centriprep for gel filtration column. 
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Figure 10. Ghromatogram and SDS-PAGE ofSuperdex G-75 column of Z 
celer L30e. 
(A) Chromatogram of the elution of fraction collected from Superdex G-75 
column. A sharp peak at �200ml was found. (B) M: low molecular weight 
marker; T: T. celer L30e marker; I: Input. SDS-PAGE in B suggests that 
the peak found in A contained a component with molecular weight similar 
to T. celer L30e and the protein was significantly purified by the column. 
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Figure 11. Purification profile of T. celer L30e. 
M: Low molecular weight marker; T: T. celer L30e marker; SP: SP column 
input; Hep: Heparin column input; G-75: Gel filtration Superdex 75 
column input; F: Final product after concentration. The SDS-PAGE shows 
step-wise purification of T. celer L30e and the final product of the protein 
has a purity of higher than 98%. 
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The purification profile of 7. c^/grL30e variants can be summarized in 
Figure 11. Improvement in purity of T. ce/erL30e was observed through three 
columns: ion exchange, affinity and size-exclusion chromatography. The 
conformational purity of the samples was up to 98% high as suggested in size 
exclusion chromatography (Figure 11) and native-PAGE analysis (Figure 12). 
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f 1 
J. celer L30e 
Figure 12. Native gel of T. celer L30e. 
The gel was pH 4.5, 12.5%. The native gel suggested the high 
conformational purity of the sample. T. celer L30e variants have similar 
behaviour in native gel. 
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3.2 Purification of yeast L30e and its mutants 
Purification of yeast L30e variants utilized similar approaches. After 
the standard lysis protocol (section 2.5.1), the inclusion bodies were washed 
by detergent buffer and Triton/EDTA buffer. Inclusion bodies were purified 
by washing of the two buffers by four times (Figure 13). Pellet was 
resuspended by 4ml of 8M Gdn-HCl to unfold the protein. Unfolded protein 
was refolded by rapid dilution with dropping sample to large amount of 
refolding buffer. Refolded protein was centrifuged to pellet insoluble protein 
and then loaded to H i - T r a p ™ Heparin column. Fractions with yeast L30e 
were pooled and concentrated by Centriprep. Protein was purified partly 
(Figure 14). The sample was loaded to Superdex G-75 column for further 
purification. SDS-PAGE and chromatogram in Figure 15 shows a single, 
symmetrical peak. This suggests single conformation of protein purified after 
refolding. The conformational purity of the protein was shown in Figure 16. 
The sample showed a single band in native-PAGE suggests a high 
conformational purity up to 95%. 
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Figure 13. Washing inclusion bodies of yeast L30e. 
W: Whole lysate; S: Supernatant; P: Pellet; Wl: Supernatant after washing 
by detergent buffer; W2 - 4: Supematants after serial washing by 
Triton/EDTA buffer; I: Input for Heparin column; M: Low molecular 
weight marker. The SDS-PAGE suggests the washing protocol can purify 
the inclusion body without significant loss of yeast L30e. 
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Figure 14. Chromatogram and SDS-PAGE of H i - T r a p ™ Heparin column 
of yeast L30e 
(A) Chromatogram of salt elution of fraction collected from H i - T r a p ™ 
Heparin column. A sharp peak at 0.4 M sodium chloride was found. (B) M: 
low molecular weight marker; T: T. celer L30e marker; I: Input; FT: Flow 
through. SDS-PAGE in B suggests that the peak found in A contained a 
major component with molecular weight similar to T. celer L30e and the 
protein was purified by the column. Fractions with large of amount of 
protein weighed similar to T. celer L30e was pooled and concentrated by 
centriprep for gel filtration column. 
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Figure 15. Chromatogram and SDS-PAGE of Superdex G-75 column of 
yeast L30e. 
(A) Chromatogram of the elution of fraction collected from Superdex G-75 
column. A sharp peak at �200ml was found. (B) M: low molecular weight 
marker; I: Input. SDS-PAGE in B suggests that the peak found in A 
contained a component with molecular weight similar to yeast L30e and 
the protein was significantly purified by the column. 
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， Yeast L30e 
Figure 16. Native gel of yeast L30e. 
The native gel was pH 4.5 and 12.5%. This suggested the high 
conformational purity of the sample after refolding. Other yeast L30e 
variants behave similarly after refolding except otherwise stated. 
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4 Chapter Four - Thermodynamic Studies of T. 
celer and yeast L30e 
4.1 Introduction 
Proteins from hyperthermophilic organisms adopt different strategies 
to be stable at high temperature, including inter- and intra-subunit ion pairs ^〕； 
51，helix capping enhancement of hydrophobic interactions in the core 
and reduction of conformational entropy ^ � .O n e of the strategies is by 
developing favourable ionic interaction and eliminating unfavourable one 
from either experimental or computational studies on hyperthermophilic 
proteins, 43，44; 48, 49, 56 although there are cases showing electrostatic 
interactions to be destabilizing 45，6�Our model, T. celer L30e, is an a / p / a 
sandwich fold single domain protein. It consists of four a-helices, one 
3io-helix and four p-strands in the core of the protein ^^ From the structure 
comparison between T. celer and yeast L30e, we found that there are extra 
charge residues present in T. celer protein to form a charge cluster. Favourable 
charge-charge interactions may participate in stabilizing T. celer L30e. In this 
chapter, how altered pH and ionic strength affect Tm of T. celer L30e will be 
investigated to test if the electrostatic contributions contribute to the 
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thermostability of 7. celer L30e. It is expected that if electrostatic interaction 
contributes to the thermostability of T. celer L30e the protein's stability will 
be affected by altering pH and ionic strength that disrupts the favourable 
charge-charge interaction. 
Stability curves of proteins describe the variation of the free energy 
change of unfolding of proteins at different temperatures^^' Comparing to 
mesophilic proteins, hyperthermophilic proteins were found to enhance their 
stability by flattening^^, or shifting their stability curves 66. The proteins can 
also be more stable than their mesophilic homolog in all temperature range^^' 
. R e c e n t analysis on the thermodynamic differences of the homologous 
mesophilic and thermophilic proteins showed that the extreme thermostability 
of themiophilic proteins are largely obtained by up-shift and broadening of the 
protein stability curves^^. The temperature range over which a protein is 
thermodynamically stable negatively correlates with ACp and thus the protein 
size63;70 Thermophilic proteins with a smaller in magnitude in ACp than their 
mesophilic counterpart has been reported in a number of models'^'丨 8; 67; 68; 72; 73; 
74; 75； 76； 7 7， e x c c p t i o n s like histone protein 巩,and cold-shock proteins 仰， 
8丨 It is still controversial to the origin of the reduced ACp in thermophilic 
proteins. In this study, we determined the thermodynamic parameters by (i) 
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thermal unfolding under different pH together with van't Hoff plot and (ii) 
obtaining the free energy of unfolding at variable temperatures traced. We can 
then compare how T. celer L30e differs from the yeast counterpart in the 
behaviour of their protein stability curves and the thermodynamic parameters. 
4.2 Results 
Salt and pH concentration dependence of the thermostability o /T . celer L30e 
The Tm of T. celer L30e is similar under different concentrations of salts 
(LiCl, NaCl, KCl, and CaCb) in 5mM sodium acetate buffer pH 5.4 (Figure 
17). A slight drop of the Tm was observed in salt concentrations ranging from 
0 to 100 mM, and the Tm rose in a concentration-dependent manner from 100 
mM to 500 mM for the four kinds of salt employed. 
Thermal denaturations of T. celer L30e under different pH and 
concentrations of salts were traced by CD at 222 nm as described before 
Figure 18 shows thermostability of T. celer L30e under different pH. There 
was a small transition from 89°C to 94°C in pH 6.0 to 7.0 (lOmM phosphate 
buffer). The Tm was maintained at �9 0 ° C from pH 4.4 to 9.0 and it started to 
drop from 9 0 � C to 60 °C from pH 4.4 to 2.0. 
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Figure 17. Salt dependency of T. celer L30e. 
Tm of r . celer L30e in different salts and concentrations. Base buffer was 
5mM sodium acetate pH 5.4. All 4 kinds of salt, LiCl, NaCl, KCl, CaCb 
gave similar trend. There was a slightly drop in Tm in 25mM and Tm raised 
in concentration dependent manner. T. celer L30e was stabilized under 
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Figure 18. pH dependence of T. celer L30e. 
lOmM buffer was used. All melting temperatures were averaged in three 
separate measurements. From pH 2.0-3.5, 9.0, glycine buffer was used. 
From pH 4.0-5.5, sodium acetate buffer was used. From pH 6.0-8.0, 
sodium phosphate buffer was used. A drastic drop in Tm was observed from 
pH 5.0 down to pH 2.0. It should be due to disruption of charge-charge 
interactions by protonation of aspartate and glutamate residues. A small 
transition was found in pH 6.0-7.0. This is the transition of histidine and the 
deprotonation stabilize T. celer L30e. There is a minor discrepancy from 
pH 3.0 to 3.5 when changing from glycine to sodium acetate buffer. 
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Stability curves for yeast andJ. celer L30e 
The Tm and AHm of T. celer L30e at different pH were obtained by 
fitting of raw data with equations presented in section 2.7.2. ACp was the slope 
of fitted straight line and was 5.24 土 0.33 kJ/mol-K as shown in Figure 19A 
(Section 2.7.2). The Tm, and AHm of T. celer L30e at 10 mM sodium 
phosphate pH 7.4 were 93.8°C and 431kJ/mol, respectively. The free energy 
of unfolding (AGy) of yeast and T. celer L30e were determined at different 
temperatures by guanidine-induced denaturation. The resulting Tm, AHm and 
ACp obtained by fitting values of AGu to the Gibbs-Helmholtz equation, were 
368.0 土 0.5�K，442.7 士 7.4 kJ/mol, and 5.53 土 0.18kJ/mol-K, respectively. 
These values agree with those obtained by pH dependency of Tm and AHm (see 
Figure 19B), suggesting both methods gave reliable measurement of ACp for 
T. celer L30e. 
Due to the irreversible thermal unfolding of yeast L30e, the 
thermodynamics Tm, AHm and ACp of yeast L30e were obtained by fitting 
values of AGu to the Gibbs-Helmholtz equation only. The values of Tm, AHm, 
and ACp were, 322.6 士 0.7 K, 300 ± 13 kJ/mol, and 9.0 土 0.6 kJ/mol-K 
respectively. Using the three parameters, the protein stability curves for yeast 
and T. celer L30e were plotted by Gibbs-Helmholtz equation in Figure 19B. 
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Figure 19. Protein stability curves of T. celer and yeast LSOe. 
(A) TmS and AHm of T. celer LSOe from thermal unfolding under different pH was 
obtained by van't Hoff plot. The AHm and its corresponding Tm were plotted in 
figure. The slope of the straight line was ACp which is 5.24 kJ/molK 士 0.33 kJ/molK 
(correlation coefficient = 0.94). (B) AHm, ACp and T m calculated was fitted to 
Gibbs-Helmholtz equation to give protein stability curve (solid line). Gibbs free 
energy change of unfolding from denaturant-induced unfolding under different 
temperatures were determined and fitted into Gibbs-Helmholtz equation (circle with 
dotted line). The two protein stability curves are highly overlapped. Yeast LSOe 
stability curve (square dotted line) showed lowered in stability in all temperature 
range. Fitting the free energy change of unfolding with Gibbs-Helmholtz equation, 
AHm, ACp and Tm of the protein was obtained and shown in table 3. 
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Table 8. Thermodynamic parameters of yeast and T. celer L30e 
“ P r o t e i n AH^ ^ A ^ T^ (K) AHJACp 
samples (kJ/mol) (kJ/molK) (K) 
Yeast L30e 300 ±13 9.0 ± 0.6 322.6 ± 0.7 33.3 
T. celer L30e 434 ± 6 5.3 土 0.1 367.9 ±0.4 81.9 
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4.3 Discussion 
pH and salt dependency suggest contribution of electrostatic interactions to 
thermostability 
The reasons for the extreme thermostability of proteins have been 
studied extensively in the past decade, particularly by comparing structures of 
thermophilic and mesophilic models. A number of structural features that can 
contribute to thermostability have been pointed out in Chapter One. Proteins 
evolve to use a combination of structural features to attain extreme 
thermostability^^, as in the case of T. celer However, the most 
common factor in hyperthermophilic proteins is an increase in charge-charge 
interactions. In this study, we demonstrated that thermostability of T. celer 
L30e is pH and salt concentration dependent. Melting temperature (Tm) 
remained at above 90°C from pH 9.0 to pH 5.0; however, Tm dropped 
dramatically from �9 0 ° C to 60°C, from pH 5.0 to pH 2.0. The decrease in 
stability can be explained by protonation of surface aspartate and glutamate 
residues, which causes disruption of favourable surface charge-charge 
interactions. This can provide evidence for the electrostatic contribution of 
thermostability. The small transition from pH 6 to 7 (lOmM sodium phosphate 
buffer) should be due to the deprotonation of histidine. There is only one 
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histidine, His-78, which is close to Arg-76 (Figure 20). Deprotonation of 
histidine under pH higher than 7 can relief the repulsion between the two 
positively charged residues. Under pH 2.0, Tm of T. celer L30e is still �6 0 � C . 
That the Tm of T. celer at pH 2.0 is even higher than the predicted Tm of yeast 
L30e (49.4°C, Table 8) suggests the role of non-charge-charge interaction 
(hydrophobic) to the stability of the protein. 
In the study of salt dependency of thermostability of 7. celer L30e, the 
4 kinds of salts, comprised of monovalent and divalent ions, were employed 
and they showed similar trends (Figure 17). In lower salt concentrations (0 to 
lOOmM), the decrease in Tm is due to the screening effect of salts that weaken 
the surface charge-charge interactions of wild type T. celer L30e. Increasing 
Tm in concentration dependent manner from lOOmM to 500mM should be due 
to the stabilizing Hofmeister effect. The destabilization of salt screening may 
be underestimated because of the presence of counteracting Hofmeister effect 
in low salt concentration. These observations on T. celer L30e strongly 
support the role of charge-charge interactions to its extreme thermostability. 
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Figure 20. Structure of Arg-76 and His-78 in T. celer L30e. 
Both Arg-76 and His-78 are solvent-exposed. Arg-76 is close to His-78 
with 3.02A. When pH of the buffer is low (e.g. pH 2.5), His-78 (pKa of 
histidine � 6 . 0 ) will be protonated and become positively charged. This will 
destabilize the protein by charge-charge repulsion. When pH is higher than 
its pKa, Histidine will be deprotonated and become uncharged and stabilize 
the structure. This stability characteristic was also observed in pH 
dependency of T. celer L30e (Figure 18). 
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Comparison of the protein stability curves of yeast and T. celer L30e 
Protein stability curves were determined from chemical denaturation 
as described in section 2.7.3 and thermal unfolding as described in 2.7.4 are 
similar. This suggests that both methods can give accurate estimation of AHm, 
ACp and Tm. 
Thermophilic proteins can have higher melting temperature by three 
models: (1) flattening, (2) shifting of the stability curves (Figure 1) 66，97 The 
first two models infer maximum free energy change of unfolding of 
thermophilic counterpart is similar to that of from the mesophilic one. Our 
data supports that T. celer L30e adopts the third model. Its free energy change 
of unfolding and melting temperature both were much higher than yeast L30e 
that has AGu of �M k J / m o l at 2 5 � C and predicted Tm of �4 9 � C (Figure 19B). 
Comparing with the mesophilic yeast homolog, ACp of T. celer L30e is 
reduced by �4kJ /mo lK . This is consistent to the third models mentioned in 
introduction (Figure 1). Meanwhile, AHm of T. celer L30e is increased by 
~130kJ/mol, which indicates a greater slope of the AG/T at Tm. Increased 
steepness can increase the maximum protein stability. The two protein 
stability curves (Figure 19) showed that T. celer L30e has a higher 
thermodynamic stability across the temperature range, and larger range 
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between cold and heat denaturation. The higher melting temperature is 
obtained by up shifting and broadening of the protein stability curve. This is 
the characteristic of reduced ACp together with increased AHm that 
enhances the steepness of the curve. AH/ACp ratio can indicate how a protein 
is more stable than the other in all temperature range. The higher the ratio, the 
more stable the protein. AH/ACp ratio of T. celer L30e (81.9K) is much higher 
than that of yeast (33.3K) (Table 8). 
It has been well-established that exposure of the hydrophobic core 
during unfolding is the factor that contributes to positive ACp 卯；99 From the 
analysis of the structure of yeast and T. celer L30e, there is no significant 
difference in the core packing and buried solvent accessible area of the two 
proteins90. The change in ACp of the two proteins can be explained by the 
unique characteristics present in T. celer L30e. Recent studies proposed that 
the decrease in ACp in thermophilic proteins can be partly contributed by 
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charge network around charged residues . There are extra negatively charged 
residues in T. celer L30e to balance the net charge to +1 while yeast L30e is +8 
in charge. Native structure of T. celer L30e showed the presence of favourable 
long-range charge clusters and this may contribute to the decrease in ACp in T. 
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celer L30e. The contribution of charge-charge interactions to the decrease in 
ACp will be investigated in the following chapter. 
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5 Chapter Five - Mutagenesis Study of a Charge 
Cluster in T. celer L30e 
5.1 Introduction 
From the solution and crystal structures of T. celer L30e, a charge 
cluster, consisting of E6, K9, E90 and R92, was observed in helix-1 and 
helix-5 90，95 丁。show specific charge residues that are responsible to its 
thermostability, we constructed alanine and methionine mutants on this charge 
cluster. Thermostability studies of the mutants under different ionic strength 
can give strong support to the electrostatic contribution of specific residue to 
the thermostability of T. celer L30e. Comparing ACp of mutants K9A/M can 
show the possible correlation of decreased ACp and enhanced charge-charge 
interaction. 
5.2 Results 
Thermostability studies of mutants in a charge cluster 
E6A, K9A/M, E90A, R92A/M using site-directed mutagenesis by 
overlapping polymerase chain reaction. The thermodynamic parameters (Tm 
and AG(u) at 25°c) were summarized in Table 10. E90A gives insignificant 
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change in stability and mutants of E6, K9, R92 shows significant decrease in 
stability. The unfolding of E6A and K9M was irreversible (less than 90%) 
under low ionic strength (i.e. lOmM phosphate buffer pH 7.4) and became 
reversible in higher ionic strength. Apparent melting temperatures was used 
for those which undergo irreversible unfolding. Four molar ellipticity of T^ of 
wild-type was averaged. Assuming that irreversible mutants have the same 
folded and denatured state, the molar ellipticity of mutants should be the same 
as wild-type. The apparent Tm was estimated by the temperature at which the 
molar ellipticity is the same as the one averaged from wild-type. The ATm 
(Tm(wiid-type)-T,-n(mutants)) of E6A, K9A/M and R92A/M became smaller when 
ionic strength increases as shown in Figure 21. The residual ATmS of 
methionine mutants (K9M and R92M) are always less than that of alanine 
mutants under high ionic strength in K9 and R92 mutants. Residual ATm 
estimated from the difference of Tm of OmM NaCl and Tm of 500mM that Tm 
levels off. There is no change in ATm value of E90A when sodium chloride 
concentration varies. 
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Figure 21. Salt dependence analysis of mutants indicated electrostatic 
contributions. 
(A) Change in melting temperature ATm(Tm(wiid-type)-Tm(mutants)) under different 
concentration of sodium chloride. The ATm narrows down at high 
concentration of sodium chloride. This suggests the role of electrostatic 
interaction of Glu-6 in the thermostability of T. celer L30e. The residual ATm 
that cannot be screened by sodium chloride should be due to removal of a 
hydrophobic-CFb group in alanine mutation. Similarly, Salt-dependency of 
ATm (Tm(WT)-Tm(mutant)) suggcsts that the elcctrostatic interaction of 
corresponding residues contributes to thermostability of T. celer L30e. For 
E90A (B), the result suggests that E90 does not make a significant 
contribution to the cluster. (C) Narrowing AT^ in both Lys-9 mutants shows 
the role of Lys-9 in the thermostability. (D) Similarly, the role of Arg-92 in the 
thermostability can also be shown by narrowing ATm- The residual ATm of 
alanine mutants is larger than that of methionine mutants. This finding proves 
the destabilization of alanine mutants of Lys-9 and Arg-92 consists of 
electrostatic and hydrophobic components. 
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Table 9. Stability change of mutants comparing with wild type T. celer L30e. 
T. celer L30e AAGu 
. Tm(�C ) Di/2(M) ATm(�C) 
variants (kJ/mol) 
Wild t y p e “ 9 3 . 8 1 ±0.12 4.49 + 0.02 - -
E6A* 85.21 ±0.08 4.19 ±0.01 -8.56 ± 0.44-3.20 ± 0.33 
K9A 85.40 ±0.32 4.39 ±0.01 -8.41 ± 0.34-1.12 ± 0.37 
K9M* 86.75 ±0.21 4.48 ± 0.02 -7.06 ± 0.24-0.11 ± 0.37 
E90A 92.95 ±0.15 4.34 ±0.01 -0.86 ± 0.19-1.66 ± 0.34 
R92A 90.13 ± 0.35 4.38 ±0.03 -3.08 ± 0.16-1.22 ± 0.50 
R92M 90.73 ±0.11 4.41 ±0.03 -3.68 ± 0.37-0.79 ± 0.49 
* Asterisk represent apparent T,„ used. 
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Protein stability curves of charge mutants 
Protein stability curves of charge mutants were obtained by chemical 
denaturation at different temperatures (Figure 22). ACp and AH^ of mutants 
(K9A/M, E6A, E90A and R92A), and T. celer L30e are shown in Table 9. 
Although the TmS of K9A/M and R92A are both lower than wild type, their 
stabilities are higher than wild type at the lower temperature range until they 
begin to cold denature. Mutants are less stable at the extreme temperatures 
(cold and heat denaturation). The stability curves of wild-type interacts those 
of E6A, K9A, K9M, E90A, and R92A at 339K, 348K, 356K, 353K and 356K 
respectively (Figure 22). 
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Figure 22. Protein stability curves of T. celer L30e and its mutants 
Comparison of protein stability curves of T. celer L30e and its mutants. (A) 
E6A (red) (B) K9A (black, circle), K9M (black, square) (C) E90A (blue), and 
(D) R92A (green) and wild type (open circle) were shown. AGu under 
different temperatures were obtained by Gdn-HCl denaturation. The data was 
fitted with Gibbs-Helmholtz equation. The points of interactions of E6A, K9A, 
K9M, E90A and R92A were 27kJ/mol at 339K, 20kJ/mol at 348K, 13kJ/mol 
at 356K, 16kJ/mol at 353K and 13kJ/mol at 356K respectively. 
96 
Table 10. Thermodynamic parameters of T. celer L30e and its mutants 
Protein A H ^ ^ A C p T , ( K ) A U J A C , 
samples (kJ/mol) (kJ/molK) (K) 
T celer L30t 434 ± 6 5.3 ±0.1 367.9 ± 0.4 81.9 
K9A 569 ±20 8.5 ±0.5 362.7 ±0.5 66.9 
K9M* 573 ±10 9.2 ±0.3 365.1 ±0.9 62.3 
E6A* 506 ±14 7.3 ±0.4 363.7 ±0.7 69.3 
E90A 480 ±23 6.3 ± 0.6 366.6 ± 1.3 76.2 
R92A 503 ±14 7.0 ± 0.3 366.7 ±0.8 71.9 
* Asterisk represent apparent T,n used. 
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5.3 Structure determination of T. celer L30e mutants 
Protein crystallization, structure solution and refinement 
K9A, E90A and R92A belong to P2, with unit cell dimension listed in 
table 11. The diffraction data were processed with M O S F L M ' � and merged, 
scaled, and reduced with programs (SCALA, TRUNCATE) from CCP4 
suite'°'' 102 The structures were solved by molecular replacement using 
MolRep and the wild-type crystal structure of T. celer L30e (1H7M) as the 
search model. Model was built using program XTALVIEW Structure 
refinement was performed using the simulated-annealing protocol 
implemented in the CNS package^似.Final structure coordinates were refined 
using REFMAC (CCP4 suite, version 5.0.32)'°^ The refined structures were 
validated using PROCHECK'os, and WHATIF'^^' in structure validation 
server (http://biotech.ebi.ac.uk:8400/cgi-bin/sendquerv). The structures were 
deposited into Protein Data Bank (http://autodep.ebi.ac.uk/). 
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Crystal structure analysis 
E6A 
No protein crystal was formed using Hampton Research Crystal 
Screen I and II at 290K. Therefore, there was no crystal structure obtained. 
K9A 
Cubic crystals of K9A were grown using 
vapour-diffusion-sitting-drop method at 290K by mixing 4|j,l of 8 mg/ml 
protein sample with l\x\ of reservoir solution containing O.IM HEPES pH 7.5 
10% (w/v) PEG 6000 over 500|al reservoir solution in a 24-well plate. 
Cryo-protection was achieved by soaking the crystals in 20%(v/v) PEG400, 
O.IM HEPES pH 7.5, 10% (w/v) PEG6000 for 5 minutes. The crystals were 
mounted on a cryo-loop and flash-frozen in liquid nitrogen. A complete 
diffraction data set, consisting of 180 frames, were collected from a single 
crystal in 1° oscillation step at lOOK using a rotating anode X-ray source on a 
MAR 345 scanner at the Medical Research Council Laboratory of Molecular 
Biology, Cambridge, England. 
99 
The structure of K9A was refined to a final resolution up to 2.03 A. 
The Rcry and Rtvee values from the final model were 20.5% and 24.1% 
respectively. 
E90A 
Rod-shaped crystals of E90A were grown using 
vapour-diffusion-sitting-drop method at 290K by mixing 4)LI1 of 12 mg/ml 
protein sample with 2\i\ of reservoir solution containing O.IM MES pH 6.5 
12% (w/v) PEG 20000 over 500|il reservoir solution in a 24-well plate. 
Cryoprotection was achieved by soaking the crystals in 20%(v/v) PEG400, 
O.IM MES pH 6.5 12% (w/v) PEG 20000 for 5 seconds. The crystals were 
mounted on a cryo-loop and flash-frozen in liquid nitrogen and transferred 
into the cryo-stream at lOOK. A complete diffraction data set, consisting of 
180 frames, were collected from a single crystal in 1° oscillation step at 
beamline 14.1 of the Daresbury Synchrotron Radiation Source using ADSC 
QuantLim-4R CCD detector.. 
The structure was refined to a final resolution of 1.7 A. The Rcry and 
Rfree values from the final model were 17.5% and 19.8% respectively. 
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R92A 
Rod-shaped crystals of R92A were grown using 
vapour-diffusion-sitting-drop method at 290K by mixing 4[i\ of 10 mg/ml 
protein sample with 4|il of reservoir solution containing O.IM HEPES pH 7.5 
10% (w/v) PEG 10000 over 500|dl reservoir solution in a 24-well plate. 
Cryoprotection was achieved by soaking the crystals in 20%(v/v) PEG400, 
O.IM HEPES pH 7.5 10% (w/v) PEG 10000 for 5 seconds. The crystals were 
mounted on a cryo-loop and flash-frozen in liquid nitrogen and transferred 
into the cryo-stream at 1OOK A complete diffraction data set, consisting of 180 
frames, were collected from a single crystal in 1° oscillation step at beamline 
14.1 of the Daresbury Synchrotron Radiation Source using ADSC 
Quantum-4R CCD detector. 
The structure was refined to a final resolution of l.SA. The Rcry and 
Rfree values from the final model were 19.0% and 22.4% respectively. 
The crystal structures of three mutants of T. celer L30e, K9A, E90A, 
and R92A were determined by X-ray diffraction methods. The resolution 
ranges from 1.7 - 2 . 0 A. The structures of mutants will be compared with wild 
type T. celer L30e. The mutant structures were solved by molecular 
replacement with wild type T. celer L30e. R-values were below 21% and Rfree 
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were below 25% (Table 11) with good stereochemistry. All three structures 
possess one protein molecule in the asymmetric unit in the crystals. 
All mutant structures closely resemble T. celer L30e. The root mean 
square deviations (rmsd) of the three mutants comparing with wild type are 
less than 0.5 A after refinement (see Table ] 1). There is no major alteration in 
the secondary structures and the folds upon mutations shown in their CD 
spectra. 
From the comparison of crystal structures of mutants (K9A, E90A, 
and R92A) and wild type, there is no significant change in side-chain 
orientation except the Arg-8 position. Arg-8 is involved in crystal packing in 
crystal structures. The crystal symmetry of wild-type (P6i) is different to 
mutants (P2i) and this change can result in different side-chain orientation. 
The thermostability change of the mutations should be originated from the 
elimination of charged side-chain. 
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Table 11. Data collection and structure statistics of K9A, 
E90A and R92A of T. celer L30e. 
Mutants K9A E90A R92A 
Data collection: 
Space group P2i P2i P2i 
Molecules per 1 1 1 
asymmetric unit 
Unit cell a 二 23.21, b 二 a 二 23.02, b = a = 23.31, b = 
dimension (A) 54.16, c= 34.15 53.89, c= 53.78, c= 
34.05 34.45 
Unit cell angles a= 90, p二 a二 90, p二 a= 90, (3= 
(。） 109.78, 丫 =90 109.22, 丫 = 9 0 110.48, y= 90 
Multiplicity 3.7 (3.5) 4.0 (4.0) 3.6 (3.4) 
Completeness 95.5 (89.6) 99.6 (99.8) 99.8 (99.4) 
(%) 
Mean I/sigma (I) 23.3 (13.9) 19.3 (13.4) 23.5 (7.4) 
Rmerge 2.1(7.1) 7.0 (7.9) 4.1 (14.7) 
No. of reflections 18239 (4994 34681 (8679 65221 (7435 
unique) unique) unique) 
Structural 
refinement: 
R factor [R-free] 20.6 [24.1] 17.4 [19.8] 19.0 [22.4] 
(%) 
Resolution (入） 17.0-2.0 A 21.7- 1.7 A 32.2-1.8 A 
R.m.s.d. C" of 0.42 0.44 0.40 




Electrostatic interactions participate in the extreme thermostability o /T . celer 
L30e 
Alanine mutants of the charge clusters observed in the crystals of T. 
celer L30e were constructed to eliminate the electrostatic interactions (Figure 
24). Methionine mutants were to mimic the effect of the hydrophobic side 
chains of Lys and Arg. E6A, K9A/M, R92A/M showed a drop in Tm and AGu 
while E90a showed similar thermostability as the wild-type protein. Although 
the crystal structure of E6A is not available, CD spectra (all mutants) and 
crystal structures of K9A, E90A, and R92A showed no significant change in 
the structure and fold of the proteins. This suggests that changes in stability of 
the proteins are not due to major structural alterations but local interactions. 
Based on the thermostability studies, E6, K9 and R92 can form charge clusters 
to stabilize the protein. However, the interpretation of data from mutants is 
always complicated by the removal of multiple interactions during the 
mutations, for example, electrostatic and hydrophobic interactions. The 
solvent accessibility of E6 in T. celer L30e is low and removal of —CH2 group 
may cause extra destabilization undesirably due to hydrophobic interaction. 
Both K9 and R92 possess a long hydrophobic side-chain and either alanine or 
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methionine mutations may inevitably remove favourable hydrophobic 
interaction. 
105 
Figure 23. Charge cluster of T. celer L30e. 
Charge cluster observed in T. celer L30e consisting of E6, K9, and R92. E6 
and K9 are located at helix-1 while R92 is located at the loop. 
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Figure 24. Crystal structures of mutants of T. celer L30e 
Stereo drawing of the orientation of the side chains in the charge cluster near 
the mutation site in the crystal structure of T. celer L30e (A) (PDB code 1H7M) 
and its mutants, K 9 A (B) (PDB code 1W40); E90A (C) (PDB code 1W41); 
and R92A (D) (PDB code 1W42). The structures of mutants are similar to 
wild type and they are differed by the sites of mutations. 
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To demonstrate the electrostatic contribution of the destabilization, we 
determined ATm at different ionic strengths (Figure 21). E6A, K9A/M, and 
R92A/M showed a decrease in ATm under increasing ionic strength. This can 
provide evidence that the destabilization by the mutation is due to electrostatic 
interactions, as it can be screened by increasing sodium chloride. The residual 
ATm can give the extent of other destabilising interactions (e.g. hydrophobic 
interactions) that cannot be screened by high ionic strength. Although E6 is 
quite buried, the destabilization is mainly contributed by electrostatic 
interactions (Figure 21 A). When comparing the corresponding alanine and 
methionine mutants in K9 and R92, the residual destabilization of methionine 
mutants is less than that of alanine because of its less drastic hydrophobic 
change (Figure 21C,D). This suggests that the residual ATm is due to loss of 
hydrophobic interactions. The residual ATm should be correlated with the 
solvent accessibility of the residue. The higher the solvent accessibility, the 
less the residual ATm. E6 and K9 are more buried residues (solvent 
accessibility of the residue are 3.3 and 38.4%, respectively) and their residual 
ATm are more. E90 and R92 are more solvent exposed (84.8 and 61.9%, 
respectively), and their residual ATm are less (Figure 21). E6A mutant has a 
greater change in ATm than K9A and R92A in salt dependency analysis. From 
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the local structure of the cluster (Figure 20), greater destabilization of E6A 
mutant should be due to the repulsion developed between positively charged 
K9 and R92, while removal of K9 or R92 will not develop extra repulsion but 
will only weaken the interaction with the cluster. In other word, E6 stabilizes 
the wild-type L30e by neutralizing unfavourable charge repulsion. In E90A, 
the result showed that E90 participates little in the charge cluster among E6, 
K9, and R92. From the orientation of the wild-type structure, the side chain 
points outward to the cluster and the distance between E90 and R92 (12入)， 
o 
E90 and K9 (7A) are quite long. Therefore, it is not likely that E90 will make 
significant interactions with E6, K9 and R92. The result suggests the presence 
of charge cluster among E6, K9 and R92 in T. celer L30e. 
Correlation of the electrostatic interactions in thermophilic protein to its 
reduced ACp 
Enhanced electrostatic interactions 44’45； 47；48 ^^^ reduced ACp 
67; 68； 72; 73； 74； 75； 76’ 77 been described as characteristics of hyperthermophilic 
proteins from a number of different models. The possible link between 
enhanced polar interactions and reduced ACp in thermophilic proteins was 
rarely discussed, only in a simple spherical model . It was suggested that ACp 
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correlates with AASA (accessible surface area) during unfolding. The origin 
of reduced ACp in thermophilic proteins was suggested to be the residual 
•7 C . K y 0 0 . O ^ . 1 A O 
structure ’ ' ' ' because AASA should decrease with decreased ACp and 
more residual structures can keep more non-polar residues buried and lower 
the AASA. Zhou questioned this notion: more residual structure in denatured 
state will mean a lower free energy of unfolding that is contradictory to the 
n 0 
enhanced stability of thermophilic proteins . He has put forward a theoretical 
model showing that salt-bridges and hydrogen bonds can decrease the ACp. 
Our mutagenesis data support Zhou's prediction. The ACp for all 
mutants studied was increased together with a decrease in stability (Table 10). 
There are significant increases in ACp for E6A, K9A/M, and R92A comparing 
to wild type and E90A (Table 10). The large difference in ACp values were not 
likely to be caused by removal of hydrophobic interaction, as ACp values of 
K9A and K9M were both increased (Table 10). The lower AHm/ACp ratio of 
E6A, K9A/M and R92A than E90A and wild type suggested that E6A, 
K9A/M and R92A are less stable than E90A and wild type. The most likely 
explanation of the observations is that the increase in ACp values was caused 
by disruption of the stabilizing charge cluster in helix-1 and helix-5. 
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Table 12. AASA of T. celer LSOe variants. 
Protein Native ASA Unfolded ASA AASA (A^) 
structures (入 2) (A^) 
T. ce/^rL30e 15118 
K9A 5298 15025 9727 
E90A 5248 15054 9806 
R92A 5275 14987 9712 
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From the analysis of structures of mutants (K9A, E90A and R92A) by 
NACCESS (Lee & Richard, 1971)川9, they have similar AASA comparing 
with wild type protein ( �9 8 0 0 A ^ ) (Table 12). This further demonstrates the 
electrostatic effect of the reduced ACp in T. celer L30e, rather than changes in 
AASA. This supports the model that electrostatic interactions can stabilize 
folded state and decrease ACp . In our study, we can observe that disruption 
of charge cluster can increase the ACp of T. celer L30e to a value comparable 
to that of yeast L30e (Table 10). 
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6 Chapter Six - Alanine Scanning Mutagenesis of 
Charge Residues of T. celer L30e 
6.1 Introduction 
T. celer L30e is a single domain, non-disulphide bridged, ribosomal 
protein. T. celer L30e is more balanced in charge than yeast L30e. All charge 
residues are on the surface of T. celer L30e. Extra charge-charge interactions 
are observed from its structures and sequence alignment^，95. Charge residues 
of T. celer L30e are distributed on the surface of protein. We constructed 
alanine mutants for all charge residues to study their thermostability change so 
as to understand how the characteristic surface electrostatics contributes to its 
thermostability. 
6.2 Result 
Other than R42A, D44A (by L. O. Chu), R39A, K46A, E47A, E50A, 
R54A, E62A, E64A (by T. Y. Leung), H78A (by T. C. Cheng), E90A and 
R92A (by K. M. Lee), all mutants were constructed by the author and all 
thermodynamic measurement reported here were conducted by the author. 
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Thermodynamic change of charge-to-alanine mutants ofT. celer L30e 
To quantify the conformational stability of mutants of T. celer L30e, we 
conducted thermal and guanidine-induced denaturations, monitored by 
circular dichroism (CD), at 222nm, as described previously卯.Thermostability 
parameters (Tm and AGu) were summarized in Table 13. Tm and apparent Tm 
of mutants were obtained for reversible and irreversible thermal denaturations 
respectively. All guanidine-induced denaturations are reversible. ATm (Tm 
(mutant-wiidtype)) and AAGy ( A G u ( m u t a n t - wiidtype)) are Summarized in Figure 25. 
Salt concentration dependency of the thermostability ofT. celer L30e variants 
Melting temperatures of mutants with significant decreases in Tm and 
wild type T. celer L30e were obtained under different sodium chloride 
concentrations as described before Figure 26 showed the salt dependency 
ATm of different mutants with significant decrease in ATm. From the structure 
ofT. celer L30e, some of the residues are clustered and the result was in three 
groups in Figure 28A,B, C. Three mutants which is found un-clustered was 
shown in Figure 28D, E, F. All mutants in Figure 26 showed a decrease in ATm 
under increasing ionic strength and ATm level off in higher ionic strength. 
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TKSA model prediction 
In collaboration with Dr. G. I. Makhatadze, stability changes of 
alanine mutants were predicted using the surface accessibility corrected 
Tanford-Kirkwood approximation (TKSA model). The calculations were 
performed using NMR or crystal structures for native state, and a Gaussian 
chain model or Elcock model of denatured states (Figure 27). 
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Figure 25. Stability change of charge mutants of T. celer L30e. 
( A ) A T m ( T m ( m u t a n t - w i l d t y p e ) ) o f c h a r g e m u t a n t S . ( B ) A A G u ( A G u ( m u t a n t - w i l d t y p e ) ) 
of charge mutants. 
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Figure 26. Salt dependency analysis of charge mutants. 
A T m ( T m ( w i l d - t y p e - mu tan t ) ) change of mutants in low and high salt concentrations 
suggests electrostatic contribution of destabilization. 
Asterisk represent T„, was apparent 丁丨丨,.AT,n ot, mutants decreased in increasing NaCI concent ra t ions and levelled o f f 
in high NaCI concentra t ions . 
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Figure 27. TKSA model prediction and experimentally determined AAGu. 
Comparison of experimentally determined AAGu (AGu(mutant - wiid-type)) of 
charge mutants and TKSA model based on N M R (A-C) and crystal structures 
(D-F) native structures without denatured state (A, D), or with Gaussian chain 
(B, E) and Elcock (C, F) model as denatured state. 
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Table 13. Thermostability parameters of charge-to-alanine mutants of T. celer L30e. 
r. celer L30e variants T^ ( � C) D1/2 (M) 
Wild type 93.81 ±0.12 4.49 ± 0.02 
E6A* 82.39 ±0.21 4.19 ±0.01 
R8A 86.84 ±0.24 4.20 ± 0.02 
K9A 85.40 ±0.32 4.39 ±0.01 
D12A* 94.20 ±0.22 4.59 ±0.01 
K15A 87.78 ±0.16 4.14 ±0.01 
R21A 92.37 ±0.30 4.53 ±0.03 
K22A 94.89 ±0.08 4.67 ±0.04 
K28A 89.49 ±0.10 4.03 ± 0.04 
K33A 87.47 土 0.37 4.55 士 0.05 — 
R39A 89.03 ±0.15 4.47 ± 0.04 
R42A 94.08 土 0.08 4.63 士 0.03 
D44A* 93.90 ±0.11 4.51 ±0.07 — 
K46A* 86.40 士 0.21 4.06 士 0.05 — 
E47A* 95.80 士 0.44 4.48 土 0.03 — 
D48A* 97.00 ±0.23 4.65 ±0.03 — 
E50A* 93.50 ±0.11 4.30 ±0.03 
R54A 88.46 ±0.12 4.40 ± 0.02 
E62A* 88.35 ±0.13 3.98 ±0.01 — 
E64A* 93.49 士 0.12 4.40 土 0 . 0 ^ 
E69A* 91.80 土 0.21 4.20 士 0 . 0 ^ 
R76A 92.32 ±0.14 4.57 ± 0.0T~ 
D87A* 84.60 土 0.23 3.96 土 0 . 0 ^ 
E90A 92.95 士 0.15 4.34 士 0.01 — 
R92A 90.73 土 0.11 4.38 ±0.03 — 
K99A 91.30 ±0.48 4.41 ±0.01 
El00A 93.05 ±0.14 4.39 ±0.01 — 
* Asterisk represent apparent T,„ used. 
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6.3 Discussion 
Contributions of charge-charge interactions to stability of 
hyperthermophilic proteins have been discussed in different protein models. 
Thermophilic proteins were found to be stabilized by enhancing 
charge-charge interactions with optimization of other interactions29，40，4i;42;43; 
44. 48. 56. 110 • • 
‘ ， ‘ ,al though some cases suggested that charge-charge interactions are 
destabilizing45’ . In our study, systematic alanine mutagenesis of all charge 
residues of T. celer L30e was achieved and thermostability changes were 
measured. The global charge-charge interaction on the surface of T. celer 
L30e to the contribution of thermostability can be assessed and investigated. 
Salt dependency analysis of mutants was conducted to support the 
electrostatic contribution of the destabilization of alanine mutations (Figure 
26) . 
The thermostability changes of charge-to-alanine mutants of T. celer 
L30e will be discussed in the following sections based on the structures of T. 
celer L30e. 
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Three charge clusters located in different secondary structures o/丁. celer 
L30e 
From the structure and alanine mutant studies of T. celer L30e, three 
charge clusters can be identified. E6 and K9 are located in helix-1 and R92 is 
located at the end of the loop connecting strand-4 and helix-5 (Figure 28A). 
K46 is located at helix-3. R39 is located at the loop between strand-2 and 
helix-3. E62 is located at strand-3 (Figure 28B). K15 is located at strand-1 
while D87 is located at strand-4. K33 is located at the end of the loop 
connecting helix-2 and strand-2 (Figure 28C). All of the charge residues 
discussed above showed significant drop in stability (Tm or AGu, Table 13) 
upon alanine mutation and they are usually located at separate secondary 
structures. The energy difference between native and denatured states 
determines the stability of proteins. Despite the fact that the denatured state 
structure of T. celer L30e is not available, the charge-charge interactions of 
the three clusters in native structure are unlikely to be significant, as they are 
too far apart in terms of sequence positions. The destabilization of mutants 
should be originated from the changes observed in native structures. 
The analysis of the alanine mutations is complicated by removal of 
multiple interactions. The salt dependency analysis of those mutants (Figure 
26 A, B, C) showed a decrease in ATm with increasing salt concentration. 
121 
Increasing salt concentration screens the electrostatic destabilization of the 
mutants and this indicates the electrostatic contribution of the mutation. ATm 
of mutants level off in high salt concentrations ( �5 0 0 m M ) . Our data suggest 
that electrostatic interactions contributes to the destabilization of alanine 
mutants. 
Deprotonated His-78 
From the pH dependency study of T. celer L30e (Lee et al, 
unpublished), a small transition of T^ is observed from pH 6 to 7 (lOmM 
sodium phosphate buffer). This indicates that deprotonation of histidine under 
higher pH can relief the repulsion between the two positively charged residues, 
R76 and H78. From the alanine mutants of R76 and H78, at pH 7.4, a decrease 
in stability is observed (Table 13 and Figure 28D). This should be due to 
electrostatic interactions between deprotonated His-78 and Arg-76. 
Long range interaction between R8 and E69 
Significant decrease in stability can be observed for alanine mutants of 
R8 and E69. From the structure of T. celer L30e, the two residues are more 
than 12 入 from each other (Figure 28E). However, there is no interacting 
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o 
partner that is found to be destabilized in alanine mutation in closer than 12 A 
range. 
T. celer L30e is not perfectly optimized for thermostability 
Alanine mutants of R21, K22, E47, D48, and E50 give a significant 
increase in stability. This indicates that there is room for further stabilization 
of this protein. R21 and K22 are on the protein surface that is positively 
charged. Alanine mutants of them can relief the repulsion each other (Figure 
28F). R21 and K22, which are conserved in L30e participate in RNA-binding 
activity from electrophoretic mobility shift assay (Cheng et al, unpublished 
data). These two residues were retained in T. celer L30e because the protein 
did not evolve to sacrifices its biological function for stability. E47, D48 and 
E50 are located in helix-3 with close proximity (Figure 28F). This causes 
considerable repulsion to destabilize the protein from the wild-type structures. 
Substitution of alanine at these positions stabilizes T. celer L30e. As they are 
not involved in RNA-binding activity (Cheng et al, unpublished data), it is 
possible to further enhance stability by removal of negatively charges from 
these residues without affecting its function known up to date. E47 is 
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conserved in only thermophilic L30e while D48 and E50 are conserved in 
both thermophilic and mesophilic L30e. 
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Figure 28. Charge residues of T. celer L30e. 
(A) Cluster 1 consists of E6, K9 and R92. E90 changes insignificantly in 
alanine mutation. (B) Cluster 2 consists of R39, K46, and E62. (C) Cluster 3 
consists of K15, K33 and D87. (D) Polar interaction between deprotonated 
H78 and R76. (E) Long-ranged charge-charge interacting partner of R8 and 
E69. (F) Charge-charge repulsion between R21 and K22. Negative charge 
cluster of D44, E47, E48 and E50. (G) Interaction partner between R42 and 
D44. (H) Long-ranged interacting residues K28 and D48. (I) Interacting 
residues of E50 and R54. 
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Table 14. Distances between putative interacting partners calculatec 
from crystal structure of T. celer L30e (PDB: 1H7M). 
Interacting partners Distance ( A ) 
E6 d^ R92 5.2 
E6 c^ K9 7.5 
K15 <=>D87 9.1 
K33 <=>087 9.0 
R39 c^ E62 7.2 
K46 E62 4.4 
R8 E69 12.2 
K28<=^D48 8.1 
E 5 0 < ^ R 5 4 11.2 
R42 <=> D44 4.2 
The dis tances of charge res idues are located by the inter-atomic dis tances as def ined: Glu tamate and aspartate, 
C -a tom in carboxyl ic acid group; lysine, N-a tom in the amino group; arginine, C - a t o m guan id in ium group. 
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Not all charged residues contributes to thermostability 
The stability of D12A did not change significantly. Charge-charge 
interactions in this position are insignificant to the thermostability of T. celer 
L30e. Specific salt bridges or clusters involving D12 cannot be observed from 
the structure of T. celer L30e. Similarly, E64A showed insignificant change in 
stability. Although E64 is near the charge cluster involving R39, K46, and E62, 
it makes an insignificant contribution to this cluster. 
R42 and D44 are located at the loop connecting strand-2 and helix-3 
and at the helix-3 (Figure 28G). From the structures of T. celer L30e, they 
form a pair of salt bridge. However, their stability change upon alanine 
mutation is minor. Unlike the charge clusters mentioned before, the residues 
are close in sequence; therefore, it is possible that the salt bridge retains its 
interaction in the denatured state. 
Drastic decrease in stability without obvious interacting residues 
From the salt dependency analysis of K28A and R54A (Figure 26), 
charge-charge interactions participate in the destabilization of the mutation 
with a lowered ATm- However, no interacting negatively charged residues can 
be identified in the 8 A range. This can be explained in two ways. In the case 
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of K28A, D48 is located at more than 8 A distance (Figure 28H). The D48A 
mutation causes both Tm and AGu to increase. The removal of charge for K28 
can enhance the repulsion between negative charges E47, D48 and E50. 
R54 is a solvent exposed residue and is involved in crystal packing 
mediated with one water molecule. This can be observed in the wild type and 
mutants (K9A, E90A, and R92A) crystal structures (both P2i). The side-chain, 
especially in Cz, N-1 and N-2 atoms on the guanidine functional group, of R54 
is flexible 一 (1) these atoms has high B-factor ( � 4 0 A^) in the crystal structure 
(1H7M) and (2) the side-chain of R54 is undefined in the NMR structures 
(IGOO). Some conformers in the ensemble of NMR structures are able to 
interact with E50 with a distance of � 6人 ( F i g u r e 281). Although alanine 
mutants of E50 do increase stability, the effect of favourable interactions 
between R54 and E50 can be masked by extensive and repulsive negative 
charge in the cluster of helix-3. 
Charge residues at the termini 
D2, K99, ElOO 
Alanine mutant of D2 decreased in stability in both T,-n and AGu- D2 is 
located at the capping residues ofhelix-1. D2 can participate in helix capping 
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to stability the structure of helix-1. In C-terminus, alanine mutant of K99 is 
found to be destabilizing. Little electron density can be mapped from the 
crystal structure in the tail region. From the solution structures, some 
conformers are found to have long-range interaction with E62 at a �8 A 
distance. ElOOA gave insignificant change in stability (Table 13) and there is 
no interacting partner observed other than the nearby K99 from the solution 
structures. This residue should be insignificant to the thermostability of T. 
celer L30e. 
Predictability of sequence alignment to thermostability changes of mutation 
From the alanine scanning mutagenesis experiments, extra charge 
residues in thermophilic L30e do not necessarily show a decrease in stability. 
A charge cluster that is conserved in both mesophilic and thermophilic L30e 
can be observed (K15, K33 and D87). Therefore, sequence alignment of 
mesophilic and thermophilic sequences alone are not good enough to predict 
the contribution of specific residue to thermostability. 
TKSA model prediction 
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Surface accessibility corrected Tanford-Kirkwood'^ ‘ approximation 
(TKSA m o d e l 严 w a s employed to predict the stability change of 
charge-alanine mutations. Gaussian chain model^^ and Elcock model^'^ were 
used to represent the denatured state in the calculations. A combination of six 
predictions was obtained (Figure 27) from NMR and X-ray structures. There 
is no great difference between the models based on NMR and crystal 
structures. Qualitatively, TKSA model alone and TKSA with Gaussian chain 
model can predict the stability change reasonably. TKSA with Elcock model 
showed less predictive power (Figure 27C, F). This suggests that the Elcock 
model may not be a good model in predicting the denatured state of T. celer 
L30e. 
TKSA model alone and TKSA with Gaussian chain model can 
complement each other to give better prediction. For R21A and K22A, TKSA 
model alone predicted well that there is a strong repulsion of positive charged 
residues in this RNA binding site, causing the mutants to be stabilizing. TKSA 
with Gaussian chain model cannot predict this well. But in K28A, TKSA with 
the Gaussian chain model preformed better. For D48A and E50A, both models 
cannot show accurate prediction. C-terminus residues K99 and El00 are 
unstructured and structural data obtained in this region is not so reliable; 
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therefore, the prediction is generally poor. To sum up, although the models 
generally can predict the stability changes, there is still room for further 
improvement. 
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7 Chapter Seven - Protein Engineering of T. celer 
and Yeast L30e 
7.1 Introduction 
Based on the alanine scanning mutagenesis, three charge clusters were 
located. One of the clusters was conserved in yeast L30e and the other two 
were unique in T. celer L30e. Some charge mutants were also found to 
destabilize T. celer L30e. According to these findings, yeast L30e was 
engineered to see if we could improve its thermostability - when the charge 
mutants were found to destabilize T. celer L30, the corresponding residues of 
yeast L30e in the alignment (Figure 29) were mutated to the one of T. celer 
L30e. Several stabilizing were generated. 
1. Yeast L30e Cluster 1 (CI) 
Cluster 1 included E6, K9 and R92 in T. celer L30e. As the 
corresponding position of E90 in yeast L30e is aspartate that is essentially 
conserved, all four positions in yeast L30e were mutated to the corresponding 
residues of T. celer L30e. 
2. Yeast L30e Cluster 2 (C2) 
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Cluster 2 included E62, K46 and R39 in T. celer L30e. As K46 of T. 
celer L30e is conserved in yeast L30e, the mutant consisted of yeast L30e 
residues corresponding to R39 and E62. 
3. Yeast L30e Cluster land Cluster 2 (C3) 
This mutant was the combination of the two mentioned above. 
4. Yeast L30e with charge environment of T. celer L30e (C4) 
In this mutant, all yeast L30e residues, whose corresponding residues 
in T. celer L30e are charged were swapped to corresponding T. celer L30e 
residues. Unique charge residues in yeast L30e were changed to 
corresponding T. celer L30e residues. A mutant with T. celer L30e charge 
environment was generated after mutation. 
5. Yeast L30e with charge environment of T. celer L30e and lengthened C 
terminus (C5: C4 + C term) ’ 
Based on the alignment of yeast and T. celer L30e, yeast L30e is 
shorter by 2 residues in C terminus. The C terminal residues from T, celer 
L30e were added to sequence of mutant of yeast L30e number 4. 
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6. Yeast L30e with charge environment of T. celer L30e and shortened N 
terminus (C6: C4 - N term) 
In the alignment of yeast and T. celer L30e, yeast L30e is longer by 9 
residues in N terminus. Shortened N terminus was constructed based on the 
sequence of mutant of yeast L30e with charge environment of T. celer L30e. 
7. Yeast L30e with charge environment of T. celer L30e, shortened N 
terminus and lengthened C terminus (C7: C4 + C term — N term) 
This mutant consisted of the combined characteristics of both 
shortened N terminus and lengthen C terminus. 
Before constructing the mutants, homology models of all mutants were 
made. There was no significant change in the overall fold of the protein and 
proposed charge clusters were established. The sequence alignment (Figure 29) 
showed how the mutants were constructed. 
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Yeast 1 - A P Y K S Q E S I NQKLALV工KS GKYTLGYKST VKSLRQGKSK LIIIAANTPV LRKSELEYYA 59 
CI 1 IVLAPVKSQEDI NQELRKVIDS GKYTLGYKST VKSLRQGKSK LIIIAANTPV LRKSELEYYA 60 
C2 1 MAPVKSQESI NQKLALVIKS GKYTLGYKST VKSLRQGKSK LIIIARNTPV LRKSELEYYA 60 
C3 1 MAPVKSQEDI NQELRKVIDS GKYTLGYKST VKSLRQGKSK LIIIAF;NTPV LRKSELEYYA 60 
C4 1 MAPVKSQEDI NQELRKVIDS GKYTLGYRKT VQSLKQGGSK LIIIARNTELV DIKEDLEYYA 60 
C5 (C4 + C term) 1 M A W K S Q E D I NQELRKVIDS GKYTLGYRKT VQSLKQGGSK LIIIAKMTRV DIKEDLEYYA 60 
C6 (C4 - N term) 1 MEDI NQELRXVIDS GKYTLGYRKT VQSLKQGGSK LIIIARNTRV DIKEDLEYYA 54 
C7 (C4 + C term - N term) 1 MEDI NQELRKVIDS GKYTLGYRKT VQSLKQGGSK LIIIARNTRV DIKEDLEYYA 54 
T. celer 1 VDF AFELRKAQDT GKIVMGARKS IQYAKMGGAK LIIVA;-mRP DIKEDIEYYA 53 
Yeast 60 MLSKTKVYYF QGGNNELGTA V G K L P R V G W SILEAGDSDI LTTLA 104 
CI 61 MLSKTKVYYF QGGNNELGTA V G K L F R V G W SILDAGESRI LTTLA 106 
C2 61 MLSKTKVYnF EGG丽ELGTA V G K L F R V G W SILEAGDSDI LTTLA 105 
C3 61 MLSKTKVYEF EGGKNELGTA V G K L F R V G W SILDAGESRI LTTLA 106 
C4 61 RLSGTPVYEF EGGNNELGTA V G R L F T V G W SILDAGESRI LTTLA 106 
C5 (C4 + C term) 61 RLSGTPVYEF EGGKNELGTA V G R L F T V G W SILDAGESRI LTTLAKE--- - 107 
C6 (C4 - N term) 55 RLSGTPVYEF EGGNNELGTA V G R L F T V G W SILDAGESRI LTTLA 99 
C7 (C4 + C term - N term) 55 RLSGTPVYEF EGGNNELGTA V G R L F T V G W SILDAGESR工 LTTLAKE--- - 101 
T, celer 54 RLSGIPVYEF EGTSVELGTL LGRPHTVSAL AVVDPGESRI LALGGKE--- - 10 0 
Figure 29. Sequence alignment of T. celer L30e, yeast L30e and its mutants. 
Seven mutants, T. celer and yeast L30e were aligned. Grey background 
represents residues that are conserved to yeast L30e. Red-labeled residues are 
cluster 1 residues with other relevant changes. Blue-labeled residues are 
cluster 2 residues. Purple-labeled residues contribute to the surface charge 
environment of T. celer L30e other than clusters 1 and 2. Orange-labeled 
residues are those N terminal residues being truncated in C6 and C7 mutants. 




After the purification steps as described in section 2.6, mutants CI to 
C3 were successfully purified with acceptable purity in SDS and native PAGE. 
CD spectra of these mutants are similar to that of yeast L30e, and this finding 
suggested that the proteins adopt similar fold as yeast L30e. Unfortunately, the 
mutants with charge environment (C4 to CI) changed to T. celer L30e 
precipitated during purification and their thermostability cannot be measured. 
The thermostability of mutants CI to C3 was measured by method described 
in Section 2.7.1. All of the mutants were reversible in Gdn-HCl induced 
unfolding. The stability of the CI mutant was similar to wild-type yeast L30e, 
while that of C2 and C3 mutants were destabilized (Table 15). 
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Table 15. Thermostability change of engineered yeast L30e mutants. 
Yeast L30e AAGy 
variants U 丨"（M) (kj/mol) 
Yeast L30e 1.37±0.01 “ 
CI 1.26 ±0.01 -1.03 ±0.3 
C2 0.74 ±0.02 -6.49 ±0.7 
C3 0.49 ±0.02 -9.06 ±0.5 
* Mutants C4 to C7 precipitated after Heparin column and their 
thermostability cannot be measured. 
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7.3 Discussion 
It has been previously shown that engineering in an ion pair network to 
protein can enhance stability “斗’丨丨5 Molecular simulation also suggested that 
charge clusters, rather than individual salt bridges, can provide the most 
electrostatic stabilization 59. However, the mutants of yeast L30e with charge 
clusters grafted (CI, C2, C3) failed to enhance their stability when compared 
with wild-type yeast L30e. This shows the difficulty in establishing specific 
charge cluster to enhance the stability of mesophilic homolog. From the 
homology modeling of the charge cluster mutants, no significant structural 
alterations and obvious destabilizing interactions could be observed. Based on 
the modeling studies, the charge clusters were expected to form in the 
engineered mutants. Successful clusters formation in the mutants, however, 
remained to be confirmed by structure determination of mutants. Addition of 
charge cluster 1 was found to be slightly destabilizing, and addition of charge 
cluster 2 was destabilizing (Table 15). This could be owing to neglecting the 
contributions of other polar residues. 
In another strategy to see if surface residues or core residues of T. celer 
L30e contribute more to its thermostability, surface and core exchange 
mutants between T. celer and yeast L30e were constructed. Two constructs 
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were made. (1) Construct with T. celer L30e surface residues and yeast L30e 
core residues; (2) Construct with yeast L30e surface residues and T. celer 
L30e core residues. Core residues were defined by the side-chain solvent 
accessibility less than 30%, which was calculated by NACCESS. The core 
residues would be changed to yeast L30e corresponding residues and surface 
residues retained in the first mutant. Similar rule would be held to the second 
mutant. The sequence alignment (Figure 30) showed the sequence of the two 
mutants and wild-type L30e. Construction of these mutants will allow one, in 
the future, to dissect the contribution of surface or core residues to the 
thermostability of T. celer L30e when compared with yeast L30e. 
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Yeast 1 -APVKSQESI NQKLALVIKS GKYTLGYKST VICSLRQGKSK LIIIAANTPV LRKSELEYYA 59 
T. celer surface yeast core 1 VDI AFEKRKVIDS GKYTLGYRKT VQSLKMGGSK LIIIARFTRP DRKEDLEYYA 53 
Yeast surface T. celer core 1 VDF NQKLALAQKT GKIVMGAK.SS IKYARQGKAK LIIVAANAPV LIKSEIEYYA 53 
T. celer 1 VDF AFELRKAQDT GKIVMGARKS IQYAKHGGAK LIIVARNARP DIKEDIEYYA 53 
Yeast 60 r-'ILSKTKVYYF QGGNNELGTA V G K L P R V G W SILEAGDSDI LTTLA 104 
T, celer surface yeast core 54 RLSGTPVYEF EGTNVELGTA V G K P H W S W SILDAGESRI LALGGKE--- -- 100 
Yeast surface T. celer core 54 MLSKIKVYYF QGTSNELGTL LGRLFRVGAL A W E P G D S D I LALGGKE--- -- 100 
T. celer 54 RLSGIPVYEF EGTSVELGTL LGRPHTVSAL AVVDPGESRI LALGGKE--- -- 100 
Figure 30. Sequence alignment of core-surface exchange mutants. 
Red-labeled residues are considered as surface residues while blue 
labeled-residues are considered as core residues. Purple and green labeled 
residues that are not conserved in the N and C terminus of L30e were held 
constant in the two mutants. Grey background represents conserved residues 
between T. celer and yeast L30e. 
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Chapter Eight - Concluding Remarks 
Sequence comparison of thermophilic and mesophilic L30e showed 
t h a t e x t r a c h a r g e r e s i d u e s m a y c o n t r i b u t e t o t h e r m o s t a b i l i t y o f t h e r m o p h i l i c 
proteins. A few thermophilic proteins have suggested the significance of 
electrostatic interaction in their thermostability^^' Reduction in 
ACp was found to be a common characteristic of thermophilic proteins from a 
n u m b e r o f m o d e l s ' ' ' 67; 68; 72; 73; 74; 75; 76; 77 s t u d y p r o v i d e s a l i n k b e t w e e n 
enhanced charge-charge interactions and the reduced ACp in thermophilic 
proteins. From the thermodynamic comparison between yeast and T. celer 
L30e, the ACp of T. celer protein is lower than that of yeast protein (Chapter 4). 
This is consistent with most of the thermophilic proteins reported. Disruption 
of charge clusters by charge mutations was found to increase the ACp of the 
mutants with destabilization of the protein (Chapter 5). This finding suggests 
that in addition to the traditional thought that ACp is mainly originated from 
the exposure of hydrophobic core of proteins, charge-charge interactions 
contributes to the ACp of proteins. Three charge clusters can be identified from 
muta t iona l ana lys i s and the m e m b e r s of the c lus te rs are usual ly located in 
different secondary structures (Chapter 6). These charge clusters can 
specifically stabilize native structure rather than denatured state. This is in 
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addition to the existing model in supporting the contribution of charge-charge 
interactions in extreme thermostability. Although there are discrepancies from 
the ideal values, the TKSA mode丨 can predict the three clusters and the 
stability change of charge-alanine mutants reasonably well. To sum up, T. 
celer L30e is stabilized by long-range charge-charge interactions whose 
residues are far away in sequence, rather than close contact salt bridges. 
Charge-charge interactions, rather than hydrophobic effect alone, appear to 
account for the ACp observed during the unfolding of T. celer L30e. 
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Appendix 
Primer sequence (Left is 5 end; right is 3 end) 
T. celer L30e primers 
T. celer L30e forward primer 
atcgatccA TGGTTGA TTTTGCTTTCGAACTCCG 
T. celer L30e reverse primer 
agtgtgggatccTCACTCTTT ACCGCCCA 
E6A prilner (forward) 
caacgtccA TGGTTGA TTTTGCTTTCGcgCTCCGTAAGGCTCAG 
R8A primer (forward) 
caacgtccA TGGTTGA TTTTGCTTTCGAACTCgcgAAGGCTCAGGACAC 
C 
R8M prilner (forward) 
CaacgtccA TGG TTG A TTTTGCTTTCG AA CTCatgAA GGCTCA GG A CA C 
C 
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K9A primer (forward) 
caacgtccATGGTTGATTTTGCTTTCGAACTCCGTgcgGCTCAGGACAC 
C 
K9M primer (forward) 
CaacgtccATGGTTGATTTTGCTTTCGAACTCCGTatgGCTCAGGACAC 
C 
K15A primer (forward) 
GCTCAGGACACCGGCGCGATCGTGATGGGTGCT 
K15M primer (forward) 
GCTCAGGACACCGGCATGATCGTGATGGGTGCT 
R21A primer (forward) 
ATCGTGATGGTGCTGCGAAATCTATCCAGTAC 
K22A primer (forward) 
GTGATGGGTGCTCGCGCGTCTATCCAGTACGCC 
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K28A primer (forward) 
TCTATCCAGTACGCCGCGATGGGCGGTGCGAAG 
K28M primer (forward) 
TCTATCCAGTACGCCATGATGGGCGGTGCGAAG 
K33A primer (forward) 
ATGGGCGGTGCGGCGCTGATCATCGTTGCC 
D48A primer (forward) 
CCTGATATTAAAGAAGCGATCGAATACTACGCA 
E69A primer (reverse) 
AAGCAGAGTGCCCAGCGCCACGGAGGTGCCCTC 
R76A primer (reverse) 
CGAAACCGTGTGCGGCGCACCAAGCAGAGTGCC 
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D87A primer (reverse) 
ACGAGATTCACCCGGCGCCACGACCGCCAGGGC 
K99A primer (reverse) 
tacattggatccTCACTCcgcACCGCCCAACGCCAG 
El00A primer (reverse) 
TacattggatccTCAcgcTTTACCGCCCAACGC 
Primer sequence of engineered yeast L3Qe 
Yeast L30e universal forward primer 
AgctgcccatgGCACCAGTTAAA 
Yeast L30e universal reverse primer 
TacattggatccttAAGCCAGGGTGGT 
Yeast L30e for shorten N terminus forward primer 
CggtgaccATGGAAGATATCAACCAA 
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Yeast L30e for lengthen C terminus reverse primer 
gttcagggatccTT AttctttAGCCAGGGTGGTCAG 
Forward primer constructing cluster 1 
gccgggccatgGCACCAGTT AAA TCACAAGAAgatA TCAACCAAgaaCTGc 
gcaaaGTTA TTgatTCAGGT AAA T ACACC 
Reverse primer constructing cluster 1 
T AA TT AA TGGA TCCTTAAGCCAGGGTGGTCAGGA TgcgCGA TTcGC 
CCGCaTcAAGAA TGCTGACAAC 
Forward prill1er constructing cluster 2 
CTGA TCA TCA TTGCCcgcAACACCCCAGTTCTCCGT 
Reverse primer constructing cluster 2 
CTCA TTGTTGCCGCCttcGAAttcGT AAACCTTCGTTTT 
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Reverse primer II for constructing all surface charge of T. celer L30e from 
yeast L30e 
GCTGACAACACCCACggtAAACAGgcgACCGACGGCCGTACC 








Reverse primer 2 constructing T. celer L30e-surface-yeast L30e-core 
CGTTTGAGCGGTaccCCAGTGTATGAGTTCGAGGGCACCaacGTGGA 
GCTGGGCACTgcggtgGGTaaaCCGCACACGGTTTCGgtggtgagcattctg 
Reverse primer 3 constructing T. celer L30e-surface-yeast L30e-core 
GtggtgagcattctgGACgcgGGTGAATCTCGTATTCTGGCGTTGGGCGGTA 
AAGAGTGAggatccctgaac 




Reverse primer 1 constructing yeast L30e-surface-T. celer L30e -core 
A TACGCCcgtcagGGCaaaGCGAAGCTGA TCA TCGTTGCCgcgAACGCG 
. ccggtgctgA TT AAAagcgaaA TCGAA TACT ACGCAatgTTGAGCaaaA TT 
Reverse primer 2 constructing yeast L30e-surface-T. celer L30e -core 
AtgTTGAGCaaaA TTaaaGTGTA TtatTTCcagGGCACCTCCaacGAGCTGG 
GCACTCTGCTTGGTCGTctgtttcgtGTTggcGCCCTGGCGGTCGTG 
Reverse primer 3 constructing yeast L30e-surface-T celer L30e -core 
GCCCTGGCGGTCGTGgaaCCGGGTgatTCTgatA TTCTGGCGTTGGGCG 
GT AAAGAGTGAggatccctgaac 
Amino acid sequences (Left is N-terminus; right is C-terminus) 
T celer L30e wild type 
MVDF AFELRKAQDTGKIVMGARKSIQY AKMGGAKLIIV ARNARPDI 
KEDIEYY ARLSGIPVYEFEGTSVELGTLLGRPHTVSALA VVDPGESRI 
LALGGKE . 
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Yeast L30e wild type 
M A P V K S Q E S I N Q K L A L V I K S G K Y T L G Y K S T V K S L R Q G K S K L I I I A A N T 
P V L R K S E L E Y Y A M L S K T K V Y Y F Q G G N N E L G T A V G K L F R V G V V S I L E 
AGDSDILTTLA 
Yeast L30e engineering protein constructs 
Yeast L30e Cluster 1 (CI) 
M A P V K S Q E D I N Q e L r k V l d S G K Y T L G Y K S T V K S L R Q G K S K L I I I A A N T P 
V L R K S E L E Y Y A M L S K T K V Y Y F Q G G N N E L G T A V G K L F R V G V V S I L D A 
GeSrILTTLA 
Yeast L30e Cluster 2 (C2) 
MAPVKSQESlNQKLALVIKSGKYTLGYKSTVKSLRQGKSKLIIIArNTP 
V L R K S E L E Y Y A M L S K T K V Y e F e G G N N E L G T A V G K L F R V G V V S I L E A G 
DSDILTTLA 
Yeast L30e Cluster land Cluster 2 (C1C2) 
M A P V K S Q E d l N Q e L r k V I d S G K Y T L G Y K S T V K S L R Q G K S K L I I I A r N T P V 
L R K S E L E Y Y A M L S K T K V Y e F e G G N N E L G T A V G K L F R V G V V S I L d A G e 
S r I L T T L A 
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T, celer L30e surface/core mutants 
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